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RADimON  SGAI!CEB1NQ,  YESimiAY'S  Cl!)D£mi.A,  TQDAr'S  HUMADOHNA 

WllArled  Heller 
Department  of  Cbemlstxy 
Wayne  State  ttolvorsity 
Detroit  2,  Michigan 

1870  and  1671  the  Rranco-Pruaslan  war  was  raging  on  the  continent  of  EUrope 
and  many  Bugllshman  were  deeply  concerned  about  the  effect  of  the  outcome  on  the 
continental  balance  of  power.  One  Ehglishnan,  J.  V.  Strutt,  however,  was  concerned 
about  an  entirely  different  natter.  He  vob  ’.wondering  why  the  sky  is  blue  during  the 
day  since  In  absence  of  any  reflecting  matter  in  the  atmosphere  one  would  have  ex> 
pected  it  to  be  pitch  black.  While  Wilhelm  I  and  Kbpolaon  HI  tried  to  make  political 
history,  Mr.  Strutt  mode  real  history  by  developing  a  theory  intended  to  solve  the 
mystery  of  the  sky’s  coloration.  Now,  90  years  later,  one  realizes  how  tremendous 
a  breakthrou^  Strutt's  theory  represented.  It  is  to  the  credit  of  Queen  Victoria 
that,  here  again,  she  proved  to  bo  very  far-sifted  because  Mr.  Strutt  was  soon 
to  be  knighted  i .  e .  hs  xfos  allowed,  in  ld73>  to  assume  the  title  of  his  father. 

Lord  Rayleigh. 

Rayleigh  hod  postulated  a  new  phenoDsnon  in  order  to  account  for  the  blue  of 
the  sky:  lift  scattering.  He  assumed  that  the  individual  nolectiles  in  the  atmoQpbere 
on  being  illuminated  by  the  sun  scatter  in  all  directions  a  minute  fraction  of  the 
radiation  received.  Assuming  that  each  molecule  behaves,  under  the  influence  of 
incident  radiation,  like  a  single  iiiduccd  dipole,  he  calculated  the  nature  of  the 
effect  to  be  e}q>ected  and  found  it  to  bo  essentially  in  agreement  with  the  facts. 
According  to  his  theory,  which  he  later  refined,  the  intensity  of  the  light  scattered 
from  an  incident  light  beam  should  increase  with  tbs  Inverse  foiurth  power  of  the 
wo'/elength  of  the  latter,  with  the  sixth  x>ouer  of  the  radius  of  the  scattering 
material  -  ossuming  it  to  be  spherical  in  shape  -  and  should  Increase  also  with  the 
refractive  index  ratio  of  the  scatterer  and  its  surroundings. 
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Since  the  mm  malto  a  coatimious  speetxtm  (except  for  the  Rmmhofer  lines), 
the  Inverse  fouxth  ponfer  lav  shovs  at  once  that  scattered  blue  sunlight  (4^00  A) 
viU  he  more  than  three  tines  as  intense  as  scattered  red  sunli^t  (6000  A)  on 
assuming,  for  sliapliclty  sake,  spectral  invariance  of  the  sun's  brightness  within 
these  Units.  !Ehe  blue  color  of  the  sli^  was  thus  explained  qjoastitativelor* 
addition,  if  anyone  WD\ild  have  asked  Lord  Baylei^  in  iB?!  as  to  what  the  earth 
voul.d  look  like  from  outer  space  he  probably  would  have  ansirered  without  hesitation 
that  t}vs  earbh  must  look  like  a  ball,  surztnmded  by  a  very  beautiful  bluish  violet 
halo,  whenever  direct  sunlight  does  not  interfere  with  the  observation.  ^!!hl8  in 
ihet  ha.'}  been  observed  by  Glenn  on  his  orbital  flight  and  by  the  others  who  preceded 
and  followed  bin.  (Tim  June,  1962  issue  of  the  National  Geographic  Magazine  gives 
on  pages  do8-6lO  beaut liUl  color  photograpbp  of  this  ha.lo  as  taken  by  Colonel  Glenn.) 
An  obvious  coroLlaiy  of  this  preftei'ontlal  blue  scattering  is  the  fact,  well  known 
to  all  of  US,  that  the  sun  itself  cay  look  i-eddish  daring  the  sunset  or  sunrise,  i.e. 
if  it  is  vicfwed  thro.\(^  thick  enough  layers  of  scattering  material  (through  the 
maximal  optical  thickness  cf  the  atiiosphere  plus  imze).  This  better  penetration 
of  long  wavelength  radiation  through  haze  is  the  simple  reason  for  using  infrared 
i:hotogmpliy  for  objects  obseevtred  by  haze  or  clouds.  The  strong  increase  of  fiaylel^ 
.'scattering  };ith  particle  size  e:<tpl&ins  xoadily  why  the  relatively  small  amount  of 
tiny  scoke  particles  idsing  from  the  burning  end  of  a  cigar  or  cigarette  viewed 
laterally  in  oxdinaxy  dayLi^t  gives  rise  to  a  relatively  intense  beam  of  scattered 
blue  light,  while,  on  tho  other  hand,  a  trezsendously  large  number  of  molecules  of 
nitrogen  and  oxygen  iu  the  atoospberc,  i.e.  an  appreciable  atmospheric  thickness, 

t 

are  rstjuJared  to  lead  to  the  scerse  effect  on  viewing  the  sky.  The  importance  of  tbs 
refractive  index  difference  between  scatterer  and  cnvlroninent  may  also  be  demonstrated 
by  a  sis^lo  exqperimcnt  which  everyoxm  of  us  has  carried  cut.  Involuntarily,  at  one 
time  or  another.  A  sheet  of  typefwrlter  paper  soiled  with  a  speck  of  butter  frm 
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a  sandwich  beccoes  tiansporent  vhare  It  bos  been  touched,  lijyperwriter  paper  Is 
Opaqioe  due  only  to  H^t  soattoring  by  a  dense  netvorh  of  fUlly  traneparent  flbeze. 

substituting  Iht  fbr  air  as  the  asdium  in  vhich  the  fibers  are  enhedded,  tbs 
ratio  of  the  refractive  indices  is  reduced  from  -  0.03  to  1.06  and  this,  In 
turn,  reduces  the  scattering  appreciably  (the  refzactlve  indices  Involved  az«: 
cellulose,  1.5$  '  0.03,*  butterfnt,  1.46;  air,  arotmd  1.00).  lb  be  sure,  the 
scattering  process  is  far  oore  coqplex  here,  the  particles  being  very  large,  non- 
spherical,  and  intertwinded  vhich  causes  interference  phenooena.  Bowever,  the 
refractive  index  effect  is  here,  qualitatively,  the  sane  as  in  the  siqpler  case 
of  Bayleif^  scattering.  (In  the  case  of  Boylei^  scattering,  the  reduction  in 
the  xefractlvQ  index  ratio  indicated  would  lead  to  a  more  than  thousand  fold 
increase  in  txansaittancy.) 

Ihoso  vho  have  perfomed,  before  reading  this  far,  the  scattering  es^erlment 
with  cigar  or  cigarette  aoohe  may  have  noticed  that  the  smote  caning  out  from  the 
end  opposite  to  the  burning  end  bos  a  grayish  or  brovmlsh  color.  While  one  has, 
here  again,  on  effect  of  ll^t  scattering,  it  does  clearly  not  fall  within  the 
range  of  the  Boyleif^  theory.  The  smote  particles  in  this  instonce  are  for  too 
large  to  be  considered  os  single  dipoles.  As  a  rule  of  thUTd>  one  can  say  that 
the  Rayleigh  theory  will  fhil  if  the  longest  dimension  of  the  scatterers  exceeds  , 
about  l/^  of  the  wavelength  of  the  radiation  used.  While  the  blue  smote  therefore 
consists  of  particles  smaller  than  1  millionth  of  an  Indi,  the  particles  in  the 
gray  smote  are  appreciably  larger  and  are  probably  of  the  order  of  bundreth  thou¬ 
sandths  of  an  inch.  (Shis  is  the  result  of  particle  aggregmtlon  during  the 
transport  of  smote  through  the  tobacco.)  Another  common  example  of  scattering  hy 
relatively  large  particles  is  the  grayish  roy  of  ll^t  coming  throu^  a  tell  church 
window.  Here,  the  scattering  particles  are  dust  particles.  While  grey  coloration 
of  the  scattered  li^tht  is  the  phanooenon  generally  observed  if  the  relatively  large 
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particles  are  pz«8ent  in  various  eises,  oingulurly  strlklog  colors  of  any  hue 
ia  the  spectrum  are  lUcely  if  they  all  have  eo?proxlnately  the  same  size .  This, 
for  instance,  is  the  oeuse  and  the  prozequisite  of  the  beautiful  miltioolored 
sunsets  occaslonolily  obcerved,  p^urticularly  if  the  lower  layers  of  the  atoospbaxe 
and  perljdMral  areas  around  clouds  contain  a  large  amount  of  tiny  water  droplets 
of  about  the  same  size.  Ihece  larger  particles  in  the  lover  atmosphere  are,  of 
coarse,  also  responsible  for  the  red,  yellow  and  gray  bands  which  are  seen  frea 
outer  space  between  the  blue  Fayleigli  halo  and  the  boundary  of  the  earth  (see 
the  photographs  referred  to  above).  It  is  fairly  easy  to  anticipate  that  these 
rtou'blue  bands  will  be  more  proolneut  over  heavily  populated  areas  than  over 
desolate  areas  and  oceans,  m  addition  to  the  cofiQ>llcated  spectral  variation 
of  scattered  light,  one  observes  with  relatively  large  particles  several  other 
characteristically  different  scattering  properties.  Aioong  them  three  axe 
particularly  noteworthy.  Piret,  the  light  scattered  in  the  forward  direction, 
i.e.  in  the  some  direction  traveled  by  the  incident  ladiation  is  larger  than 
that  scattered  in  the  baols«'ard  direction.  This  lx>p8idedneos  increases  rapidly 
with  size.  (In  contradistinction,  Ray.lcigh  ocutter'lng  in  the  fozvard  and 
baclsword  direction  are  equal.)  The  next  tine  you  are  dzlving  in  misty  weather 
up  to’.rarda  the  crest  of  a  hill  you  will  want  to  verify  this  preferential  forward 
scattering  by  the  following  simple  observation:  a  ear  which  is  travelling  towards 
you,  but  is  still  out  of  slgh^  below  the  crest  of  the  hill,  sends  up  an  impress¬ 
ively  bri^  beam  of  light;  a  car  travelling  ahead  of  you  in  the  same  direction 
in  wh:<.ch  yvni  are  going  will  also  send  a  beam  of  light  up  into  the  shy  but  this 
scattered  beam,  viewed  by  you  of  coarse  in  the  baclcward  direction,  is  locoiqpaiably 
weaker.  The  second  notetrorthy  d.ifference  in  the  scattering  by  relatively  large 
particles  is  that  the  total  amount  of  li£^  scattered  by  a  system  of  given 
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eonMOtzation  oS  •OAttarcrs  per  unit  volmae  reaobee  a  TWMrttinn  value  at  a  vazy 
(qpeolfie  Inteznedlate  particle  aise.  Ibr  this  pibenoaenoti  alao  one  con  cite 
a  eoonon  e^^rience:  the  bri^toeaa  of  a  diatant  lic^  aource  or  the  viaibility 
of  a  diatant  iUmninated  object  are  in  fbg  vhile  tbey  are  better  both 

in  aiaty  weatter  and  in  a  heavy  driasle.  Qie  avezage  water  droplet  alee  in  fbg 
ia  inteznediate  betvaen  that  in  the  two  other  Inatanoea  and  it  ia  aueh  that  It 
pzoduoea  ttzi  hiding  power.  Die  iqplieationa  for  the  production  of 

SQolce  aereene  of  ir  m  efficienoy  are  obvious .  Tbe  third  interesting  differ¬ 
ence  in  the  scattering  by  relatively  lazge  particles  is  the  fact  that  the 
scattered  li£^  obsezved  at  an  angle  of  90^  with  reapect  to  the  incident  beea 
will  be  found  to  be  only  partially  polarised  while  Baylei^  scattering  is,  for 
the  ongT*  of  obeezvation,  fUUy  polarized.  Ihis  phenomenon  ia  outside  of 
the  realm  of  easy  everyday  experience^  but  its  pzaetioal  slgnificanoe  and 
isportanoe  ranks  with  tbe  others  examerated. 

Xbe  problem  of  the  theozy  of  scattering  by  particles  which  are  not 
small  cQoparcd  to  the  wavelength  can  be  divided  into  two  eases.  Ibe  first  is 
that  of  apberea.  All  possible  oontingeneies  that  nay  arise  here  are  taken 
care  of  by  a  theozy  developed  by  MLe  in  I908.  However,  tbe  extraordinary 
difficulties  arising  in  actual  cftlculetions  have  delayed  its  fill  scale 
application  until  electronic  cooputers  became  available.  Ihe  second  case 
is  that  of  nonqpherleal  particles.  Here  also  a  most  usefia  theory  exists, 
again  initiated  by  Haylelc^  (19U.)*  It  is,  however,  applicable  only  in  the 
limiting  cose  that  the  refbaetive  index  of  tbe  scattering  material  differs  vexy 
little  from  that  of  tbe  surroundings.  Very  slowly  progress  is  being  mads  in 
developing  tbsorlee  in  which  this  limitation  will  be  reduced  gzadually.  Si 
the  meantime,  one  must  be  setisfied  with  various  approxlfflatlng  trsatawnts. 


She  great  iaiportanoe  of  light  ecottering  derives  fron  the  fact  thst  it 
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adlcm  one  to  inveotlgate  ^emuatitotlve]^  on  anazin^ly  iorgs  nuadber  of  pxobltns 
in  may  fields  of  human  endeavor.  Uhls  can  he  done  without  interfhrlng  in  any 
way  with  tbs  system  Investigated.  One  of  the  xoesona  for  this  unigaa  position 
of  the  Ucdib  scattering  method  as  an  analytloal  tool  is  the  fact  that  there  ia, 
in  principle,  no  limitation  as  to  the  wavelength  that  may  he  used.  Ube  pheaoawna 
tractable  hy  the  existing  theories  ore  the  sene  matter  whether  tbs  radiation 
is  that  of  visible  light,  or  is  of  shorter  wavelength  (ultraviolet,  X-raya, 
gamma  radiation),  or  longer  ravelengtb  (infrared,  far  infrared,  radar  or 
broadcasting  waves) .  This  is  due  to  the  fact  that  the  absolute  size  of  particles 
does  not  matter,  only  the  size  relative  to  the  wavelength  is  lijportant.  !Ebus, 
hollow  AL>  splicres  one  inch  in  diameter  strewn  into  the  atmosphere  will  scatter, 
l.c.  attenuate  radar  waves  quantitatively  exactly  lilae  tiny  Al-  spheres,  one 
tenthousandths  of  an  inch  in  diameter,  vlll  scatter  visible  light  provided  only 
that  differences  in  the  refractive  indices  at  the  two  wavelengths  are  talsen 
into  account. 

On  reviewing  the  development  of  science,  technology  and  national  defense, 
during  the  last  fifteen  years,  it  is  amazing  to  see  bow  large  a  contribution 
the  luiderstanding  and  the  application  of  radiation  scattering  has  made  in  all 
these  areas.  She  space  available  here  allows  one  to  give  ou2y  a  faw  slgnifioaat 
exemples.  She  amazing  pxx>gress  in  the  fields  of  polymer  chemistxy  and  blobbemlstzy 
is  to  a  large  extent  due  to  the  fact  that  light  scattering  bus  provided  a  rapid, 
reliable  and  precise  method  for  detezmlnlng  molecular  wei^s  and  approximate 
molecular  ahapes  and  luis  allowed  one,  what  no  other  method  is  capable  of  doing, 
to  follow  the  kinetics  of  changes  in  these  ^pialities.  Noteworthy  here  is  the 
pioneering  work  hy  Ziizsa  and  hy  Doty  in  the  late  forties.  Ih  all  these  areas, 
it  is  primarily  Reylelglh  scattering  which  has,  at  last,  taken  Ite  place  as  a 
tool  in  scientific  research  which  it  so  fblly  deserves.  A  large  part  of  the 
credit  for  this  goes  to  Oehye  who,  in  19^3,  put  the  final  touches  to  a  theozy 
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darveloped  liy  Blnsteia  In  I910.  Ihla  theozy,  though  based  upon  an  entireJiy 
different  approach,  Is  lUlly  equivsleat  to  Rayleigh's  theory.  It  has,  baverex, 
the  advantage  that  the  final  equations  arrived  at  facilitate  the  practical 
application  of  the  scattering  effect  and  fttrtheziBore  allow  one  to  obtain,  in 
addition  to  the  prinazy  infonetion  on  mol/icular  weights  and  shapes,  infonaaticMi 
on  tbs  tberaodynanics  of  the  systems  and  processes  studied.  In  the  field  of 
colloid  chemistry  which  deals  with  particles  too  small  to  be  seen  in  a  micro¬ 
scope,  bat  larger  than  an  average  naeromolecule,  the  growing  exploitation  of  the 
Mie  theory  has  put  us  Just  now  on  the  threshold  of  a  full  understanding  and 
control  of  the  behavior  of  emulsions  and  of  aerosols,  to  name  only  two  iniportant 
classes  of  systems  in  tbia  area.  (Bscpezimentally,  the  work  on  scattering  by 
aerosols  was  Initiated  in  this  country  px*inarily  by  la  Mer  [1943]  .)  In  various 
laboratories,  extensive  theoretical  work  is  underway  concerned  with  the  quanti¬ 
tative  evaluation  of  radar  attenuation  by  tiny  atmospheric  ice  crystals  and  by 
various  types  of  cloud  formations  One  also  has  available  now  coaplete  theoreti¬ 
cal  information  (results  of  the  writer  published  thus  fUr  only  in  preliminary 
fozm)  which  will  allow  one  to  predict  the  exact  range  of  particle  sises  which 
for  a  given  wavelength  in  the  visible  range,  in  the  langc  of  radar  waves  or  of 
broadcasting  waves,  will  lead  to  oiniiaum  radiation  transmission  or  maximum 
radiation  reflection.  These  and  other  developments  in  the  science  of  light 
scattering  hold  the  promise  of  a  more  fruitful  investigation  of  fbgs  and  smogs. 

A  full  understanding  that  thus  may  be  achieved,  certainly  will  be  the  decisive 
step  towards  eventual  control  or  ccnyplete  eradication.  Fog  and  smog  are  the 
ultimate  result  of  a  large  accummulation  in  the  lover  atmosphere  of  dust  and 
debris  from  cosibustion  which  act  as  nuclei  for  water  condensation.  However, 
the  conclusion  that  the  upper  atmosphere  is  pure  and  clean  would  not  be 
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Justified.  scattering  e:^risient8  quite  recently  showed  that  dust  ney 

he  carried  hy  eddy  currents  as  high  as  60^000  feet.  Siis  finding,  incidentally, 
leads  to  a  solution  of  the  pussling  problem  as  to  why  the  shy  is  brl|^ter  than 
one  would  ei^ct  from  Rayleigh's  theory,  mvestigations  by  space  probes  gave 
exactly  the  same  results  on  the  pollution  of  the  upper  atmosphere,  the  only 
difference  being  that  light  scattering  gave  this  information  at  a  considerably 
smaller  cost. 

The  shy,  however,  is  not  the  limit  for  scattering  enthusiasts.  They 
already  are  busily  engaged  in  wresting  from  outer  space  many  of  its  secrets 
without  having  to  taka  their  feet  off  the  ground.  One  hopes  to  clear  up  by 
scattering  experiments  the  vinknoun  depth  and  concentration  of  the  atmosphere  of 
Venus  by  studying  its  effect  upon  a  beam  reflected  from  the  surface  of  the 
planet.  It  also  is  reasonable  to  expect  that  scattering  nay  give  useful 
Information  on  the  consistency  of  the  surface  of  the  moon  which  is  being  debated 
so  such.  lib  attesg>ts  in  this  direction  seem  to  have  been  made  thus  far.  Idgbt 
scattering  work  has  also  began  to  extend  beyond  the  reaches  of  our  solar  system, 
forticulorly  lasciaatlng  is  the  work  of  the  Belgian  astrophysicist.  Dr.  Swings, 
on  the  zadiatlon  which  comes  to  us  from  coisets .  aiperlmposed  upon  their  discrete 
emission  spectrum  is  a  continuum  which  now  has  been  found  to  be  due  to  the 
scattering  of  sunlight  by  cometary  dust.  Moreover,  this  dust  effect  appears 
to  be  larger  the  older  the  comet.  Therefore,  a  method  is  developing  here 
which  will  allovr  one  before  too  long  to  tell  the  age  of  a  comet  from  the  amount 
of  dust  it  has  managed  to  collect  in  its  tall.  Where  all  this  dust  cooes  from 
has  also  been  partially  explained  light  scattering  Beasurenents.  Thus,  it 
has  been  found  in  Bigland  that  the  solar  F>corona  may  be  understood  as  the  result 
of  scattering  by  dust.  Ihe  sun  thus  may  turn  out  to  be  one  of  the  dust  generators, 
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vhile  the  comets  nay  belong  to  the  class  of  dust  catchers.  Itae  "cosmic  dust”^ 
as  it  Is  called,  often  Is  present  in  space  in  such  large  concentrations  that 
it  partially  obscures  the  ladlatlon  from  distant  galaxies.  Xhese  giant  blobs 
also  are  the  object  of  light  scattering  measurements  in  the  hope  to  obtain 
further  infonoatlon  on  their  mysteries. 

Returning  nov  to  earth  and  proceeding  in  the  opposite  direction,  i.e., 
entering  the  mlcrocosoic  vorld  of  the  atomic  nucleus,  it  is  coianon  knowledge 
that  much  of  the  progress  made  here  is  due  to  eiiqperlmeiits  with  the  cloud 
chamber  and,  more  recently,  with  the  bubble  chamiber.  Here  li^  scattering 
makes  visible  convincingly,  thou^  Indirectly,  the  paths  taken  by  0(>partlcles, 
protons,  electrons,  positrons,  mesons,  and  to  follow  the  interactions  of  the 
so-called  "strange  particles"  of  nuclear  physics,  njenomsoa  such  as  neutron 
scattering  also  are  treated  by  means  of  theories  which  in  many  respects  are 
related  to  the  scattering  of  electromagnetic  waves.  An  application  of  scatter¬ 
ing  which  is  of  pertlculnr  concern  to  may  of  us  is  its  use  os  a  potentially 
powerful  tool  In  medical  diagnosis.  One  successful  exaiqple  dating  back  to 
the  waning  period  of  World  War  II  is  the  examination  of  donor  blood  for  the 
degree  of  non-sphericity  of  red  blood  cells  by  a  rapid  ekperiment  on  tlie 
deviation  of  lateral  scattering  frcmi  symmetry.  Another  example  is  the  present, 
intriguing  work  by  Boyle  and  associates  who  believe  that  the  presence  and 
development  of  atherosclerosis  be  detected  and  stiidied  by  li£^t  scattering 
measurements  on  blood  serum. 

Rapidly  developing  also  is  the  theory  and  practical  application  of  light 
scattering  of  transparent  or  translucent  solids.  Here  light  scattering  may  he 
due  to  a  dispersion,  within  the  solid,  of  gases  or  of  liquids  or.  It  may  be 
due  to  the  formation  of  tiny  regions  of  molecular  ozdentation  within  the  matrix 
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or  it  nay;  slnpiy,  result  froa  lutemal  stnlu  or  froa  cavities.  In  all  these 
cases,  internal  refractive  index  differences  arise  and  the  resulting  optical 
lnhon»ssnsity  leads  to  llg^t  scattering  and,  conse^ently,  to  more  or  less 
pronounced  opagjueness.  A  good  exasg^le  of  a  solid  rendered  opaque  hy  the 
entrapDsnt  of  tiny  droplets  of  vater  is  the  pearl.  Its  delicate  bluish  gray 
color  originates  exclusively  froa  ll(^t  scattering.  (Therefore,  you  should 
never  heat  a  pearl  above  the  boiling  point  of  vater.)  An  example  of  light 
scattering  due  to  differences  in  molecular  orientation  within  a  solid  is  the 
scattering  by  polymer  films,  studied  in  this  country  at  present  primarily  by 
Stein  and  collaborators .  It  gives  valuable  Information  on  the  internal 
structure  of  polymer  films.  A  lesson  learned  from  the  fhet  that  inhomogeneltles 
in  solids  may  make  them  opaqpe,  due  only  to  refractive  index  differences,  is 
that  one  now  can  taake  glasses,  particularly  plastic  glasses,  more  transparent 
than  before  by  sinply  eliminating  or  matching  refractive  index  differences. 

One  has  even  succeeded  to  manufacture  translucent  rubber  tires  by  using  exotic 
fillers  instead  of  carbon  black.  Unfortunately,  their  mechanical  properties 
still  leave  much  to  be  desired.  Once  this  bottleneck  is  ironed  out,  tzonslueent 
tires  may  well  become  the  next  fitd  of  car  owners,  particularly  since  white  side 
walls  have  already  become  so  common  place  that  they  can  no  longer  be  used  as 
a  mark  of  personal  distinction.  Into  this  category  of  light  scattering  phenoosna 
..  belongs  also  the  finite,  although  extremely  weak  scattering  by  liquids  where  It 
is  due  to  local  statistical  density  differences  caused  by  the  tbexnal  motion  of 
the  molecules  which  cake  up  the  liquid.  Of  potentially  fUr  reaching  theoretical 
impoxionce  here  is  the  very  recent  attempt  by  Debye  (1961)  to  use  this  phenoimnon 
in  order  to  obtain  in  liquid  mixtures  information  on  the  range  of  molecular  forces. 

The  radiation  scattered  by  molecules,  pcrticles,  or  inbonogSDeities  has 
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this  far  been  considered  as  being  timffected  by  that  scattered  by  neighbors. 
Actually  there  is  an  interference  between  the  individual  scattered  wavelets, 
aore  so  the  snallsr  the  distances  of  neighbors,  relative  to  the  dlioensioD  of 
the  wavelength.  A  whole  host  of  theoretically  interesting  and  practicedly 
ffioat  important  phenomena  can  result  from  such  interferenesa.  Sons  of  them 
belong  in  on  area  which  the  uninquiring  nlnd  may  wish  to  classify  as  a  part 
of  the  "tvill^t  zone" .  We  will  limit  ourselves  to  a  brief  outline  of  the 
latter  which  are  particularly  Intriguing. 

When  you  drive  along  a  hig^iway  on  a  hot  sutaner  day,  you  my  see  dark 
patches  on  it  in  the  distance  vhich  look  Just  like  water.  Ihen,  when  you 
coae  closer,  they  vanish.  The  next  time  when  you  make  this  observation, 
atop  while  you  see  these  patches  and  wait  until  a  car  passes  you  and  drives 
over  those  patches.  You  vlU  bo  amazed  to  see  that  the  car  seems  to  lift 
itself  a  few  Inches  off  the  ground  and  to  travel  in  air.  Moreover,  you  may 
seo  its  xxnderstructure  reflected  on  the  patches.  What  is  the  reason?  Within 
2-3  inches  off  the  ground,  the  tei!©erature  is  30®  -  50°  higher  than  further 
up.  IXie  to  the  resulting  refractive  index  differences,  the  thin  l»t  air  layer 
scatters  quite  differently  than  the  air  cbo’n:  it.  This  results  in  refraction 
and  reflection.  Although  this  is  contrary  to  everyday  e^qperience,  this 
phonatoenon  shows  that  uot  only  solid  surfaces,  but  surfaces  separating  gases 
of  different  optical  properties,  can  produce  perfect  rofaadti6ht*dbe  io^ 
the  reason  stated.  The  practical  result,  in  the  present  instance,  is  the 
smcroscopic  effect  of  (a)  invisibility  of  the  gpreund  proper  and  (b)  reflection 
fremt  the  upper  border  of  the  hot  air  layer,  provided  only  that  the  angle  which 
the  particular  area  on  the  highway  makes  with  respect  to  both  the  sun  and  the 
direction  of  your  vision  ie  Just  right.  Similarly  you  nay,  fbr  the  same  reason, 
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on  driving  ncross  Utah's  Salt  Lake  on  a  hot  afternoon,  suddenly  see  one  of  the 
oountains  on  the  horizon  detach  itcelf  from  its  base^  an  ejQxsrlence  which  this 
writer  will  never  forget .  Hying  saucers  also  belong  into  this  category 
of  phenomena,  although  here  the  diffhoe  reflection  and  refraction  originate 
at  the  surfaces  of  vortices  of  the  air  which  differ  in  density  from  the  rest 
of  the  air.  They  are  generally  circular  and,  according  to  Helmholtz,  nay 
be  extremsly  longlived.  They  nsty,  therefore,  have  travelled  far  from  the 
place  where  they  were  generated;  for  ln8to,nce  by  a  Jet  breaking  the  sound 
barrier.  Uhquestionably,  pbotographn  of  this  phenomenon  could  be  taken  If 
and  when  the  density  differences  are  large  enough*  Another  phenomenon  which 
is  even  more  closely  related  to  our  "flying  automobile"  end  which  turned  out 
to  he  of  extreme  practical  usefulness,  is  that  of  transhorizon  wave  propagation, 
due  to  diffuse  reflection  on  stratifications  In  the  uppermost  sections  of  the 
atmosphere.  Uie  closely  related  but  optically  more  perfect  phenomenon  of 
fata  morgana  requires  special  temperature  gradients  similar  to  those  which 
lead  to  the  car  riding  in  the  air.'*  We  all  have  felt  sympathy  with  the  man  lost 
in  the  Sahara  desert  who  became  elated  on  suddenly  seeing  the  mirage  of  an  oasis 
in  the  distant  sly.  Helss,  we  cannot  control  these  phenomena  yet,  but  eventually 
we  may.  If  that  happens,  there  ia  no  way  of  predicting  how  real  estate  values 
in  the  tSoJave  desert  will  skyrocket  since  real  estate  agents  may  then  he  able 
to  Include  in  their  package  deal  a  permanent  fata  morgana  in  the  backyard 
allowing  a  choice  view  of  a  selected  section  of  Yooemite  National  Rirk. 
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Tiae  pzeaent  tecbnlcal  report  la  a  aiirvey  article  on  the  scatter¬ 
ing  by  spheres  to  be  publishe<!  shortly  in  a  book  estltljod  "HLsctro- 
aagoetic  Scattering"  by  Bsrgamoa  Press.  It  differs  from  the  article 
in  as  nuch  as  section  II  has  been  eliminated  and  a  few  minor  other 
cuts  have  been  made  in  order  to  coafozm  to  the  limits  imposed  upon 
the  length  of  the  individual  contributions  made  to  this  book.  Sbe 
great  majority  of  the  theoretical  and  experimental  results  discussed 
in  more  detail  are  those  arrived  at  by  the  Resesrch  staff  of  this 
laboratory  under  the  S^nsorohlp  of  the  Office  of  Naval  Research. 

Ihe  original  Figure  $  was  eliminated  in  this  report  because  It 
would  have  re<ialred  about  100  photographic  reproductions.  The  Figure 
was  not  considered  sufficiently  important  for  an  understanding  of  the 
text  to  burden  the  project  with  this  extra  expense.  Ihe  cUmlnatioa 
of  this  Figure  led;  however;  to  a  nixup  in  some  figure  numbers; 
discovered  after  hectographing  had  been  completed.  In  order  not  to 
delay  issuance  of  this  report  any  longer;  an  error  guide  is  inserted 
on  tbs  following  page  which  should  exclude  any  possibility  of  confusion. 

It  should  be  noted  that  Figures  3;  and  4;  which  were  oversized, 
have  been  split  in  balfS  in  order  to  insert  them  conveniently  in  this 
report.  Figure  3  i»  epUt  Into  an  lopper  and  a  lower  half.  Figure  4 
is  split  into  a  left  bond  side  and  right  band  side  half. 
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THKORETIGAL  AND  ISXPiiHIMEMrAL  IHVKSTiamONS  Oi'  TIE 
LIQOT  SGATTERHIG  OP  COIiOIDAL  SPIIEK'iS 

Wilfrled  Bailor 
Chootia'tiry  D^artsoent 
Wayae  State  U^reraity 
Detroit,  Michigan 

I  Introdnotlon 

The  moot  liRDortant  theories  on  the  scattorinc  of  electromagnetic  radiation 
by  spheres  were  developed  prior  to  19UO,  the  first  theory  Rayleigh?-  having  been 
formolated.  more  thcui  90  years  ago.  Bsperimantatlon  in  this  field  >3as  alno  quite 
active  betweai  1900  and  19l»0  .  Large  scale  escploitation  and  refinenmts  of 
existing  theories  and  intensive  experimental  application  of  the  scattering  phe^* 
nomena  did  not,  however,  get  mder-way  until  a  year  or  two  after  the  beginning 
of  World  viar  II,  Only  then  were  ths  potentialittca  of  the  light  scattering  method 
more  felly  recognised  and  taken  advantage  of  in  connection  with  pressing  defense 
problssis”'.  It  is  not  possible  within  the  space  available  here  to  do  proper  Justice 
to  all  ths  excellent  theoretical  and  e:?perin6ntal  work  that  lias  been  collected 
during  the  past  twenty  years  on  tlie  scattering  of  spheres.  The  intention  is  rather 
to  point  out  the  most  interesting  new  facts  elicited  from  the  theory,  particularly 
from  that  of  Kie^^,  and  the  most  promising  ejxperiracntal  methods  used  iix  the  recent 
past  in  order  to  take  best  advantage  of  the  tlieory  in  the  study  of  systems  con¬ 
taining  spheres, 

II  Ssaentials  of  the  Theory  of  Scattering  by  Spheres 

The  ecafcto).*ing  of  a  di.oleotric  nonabsorbing  sphere  (conducting  spheres 
wi.il  not  be  considered  here)  depends  on  two  variables:  1)  its  size  relative  to 
the  Mays  length  of  tlie  electromagnetic  radiation.  It  will  be  expressed  in  terms 
of  cC  =  Z  »fliore  r^  is  the  radius  of  the  sphere  and  is  the  wave 

length  in  tlio  Biediuraj  2)  its  dielectric  constant,  -5^  >  relative  to  that  of  the 
surrounding  aediwa,  ,  xdiich  ehall  be  expressed  in  terms  of  the  relative 

refractive  index,  m  «»  n2/nj^,  where  th2  and  are  the  refractive  indicoe 


''This  vx>rlc  was  cariled  out  with  ths  support  of  tlie  Office  of  Naval  Research. 
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of  the  sphere  and  of  the  medium  respectively,  (n^  >■  £  ),  In  the  simple  case  that 
oC"-^0^  the  radiation  scattering  by  a  sphere  is  that  espeotod  from  oscillating 
dipole  induced  by  the  external  electrcnagnetic  field.  Thie  case  is  covered  by 
tiw  Sayleigh  theory^.  As  long  as  the  sphere  is  so  small  oospared  to  the  wave 
length  tliat  the  phase  of  the  exciting  field  is,  at  a  given  instant,  '/Irtually 
the  same  throughout  the  particle,  isotropic  inhomogeneltiee  within  the  sphere 
do  not  affeot  the  validity  of  the  theory.  However,  they  co~detemine  the  effective 
value  of  n2  and  the  abeolute  ma^tude  of  scattering.  Consequently,  Debye's 
theory  of  light  scattering  by  solutions^,  iftilch  was  of  decisive  liqportanoe  for  the 
modem  development  of  polymer  chemistry,  is  fully  equivalent  to  Hayloigh'e  theozy. 
A  randomly  coiled  dissolved  macromolecule  very  small  compared  to  the  wave  length 
will  scatter  radiation  like  a  random  assembly  of  spherical  micro~bead8  (molecv'’v 
segments)  connected  to  each  other  by  valence  bonds.  Here,  as  in  the  case  of 
the  actual  Rayleigh  sphere,  one  "collective"  dipole  represents  quantitatively 
the  contribution  to  scattering  of  all  the  volume  elements  (beads  and  solvent 
molecules  contained  with  the  quasispherical.  volume  of  the  macromolecule}  , 

Since  the  Rayleigh  arid  Debye  theories  are  valid  only  as  long  as  (5C->0, 
it  i.s  inportant  to  know  how  large  ^  actually  may  be  before  a  serious  error  is 
comoitted  on  using  the  oquations  arrived  at  in  these  theories.  The  total  error 
in  CZ  -detemiiiations  by  scattering  measurements  should  not  exceed  2%  at  the 
most,  including  the  errors  in  measurottents  of  the  refractive  index  and  of  con¬ 
centration.  A  deviation  of  2%  of  CZ-  calculated  from  Uie  Rayleigh  equation  is 
therefore  a  useful  upper  limit  for  the  range  of  practical  application  of  the 
Reyleigh  or  Debj’e  theot;/’# 

^is  interpretation  of  Debye  scattering  by  macromoleculee  given  here  is, 
of  course,  different  from  but  equivalent  to  that  actually'  underlying  the  Debye- 
Binstein  theory,  namely  that  the  scattering  effect  may  be  considered  as  the 
result  of  fluctuations  in  concentration  (see  e«g,  (6))« 
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On  tills  baaia,  the  nppcr  Unite  are  arrived  at  in  Table  The  llndte  of 
validltQr  ore  given  for  the  specific  turbidity,  defined  In  Section  I1I»  They 
are  virtiially  the  same  fox*  any  other  li^  scattering  quantily*^ » 

As  the  sphere  becomes  larger,  it  is  no  longer  possible  to  replace  the 
oeoUlators  within  it  by  a  single  representative  dipole  since  there  is  now  a 
finite  phase  shift,  in  the  direction  of  the  incident  bean,  in  the  osclUatioa 
of  botli  the  prinarj'  and  the  scattered  eleobromagnetic  field  across  the  sphere. 
Consequently,  in  addition  to  the  scattered  wave  of  the  single  represantativs  dipole, 
a  second  partial  wave  to  bo  asoribed  to  the  first  electric  quadrupole  and  a  third, 
due  to  the  first  mangetic  dipole,  becoKie  now  ioportant.  If  the  ain  is  merely  a 
modest  extension  of  the  ^  -range  accosalble  to  quantitative  treatment  without 
tnposing  srvy  restriction  on  the  value  of  m,  one  may  then  isako  use  of  Stevenson's 
extension  of  the  Rayleigh  theory^,  in  which  precisely  these  second  and  third 
partial  waves  are  taken  Into  account.  The  Stevenson  equation  extoids  the  range 
of  particle  sises  accessible  to  quantitative  determinations  two  to  throe  fold 
depending  on  the  value  of 

For  still  larger  particles  additional  partial  waves  make  finite  con¬ 
tributions  to  the  scattered  wave.  Now,  one  can  obtain  relatively  siiig>le  relations 
only  provided  it  is  assumed  that  (n-l}-'>0<,  This,  of  coarse,  inq^lies  tlie  assn>g>tion 
tliat  the  cloctromagnetic  field  inside  the  particle  is  the  seme  as  outside  and  Is 
homogeneous  througixout.  The  best  loxown  theories  developed  for  this  limiting 

A  Q 

case  are  tliose  of  Rayleigh  and  of  Qaris^,  commonly  refewed  to  jointly  as  the 
R<qrl«'igh~Oans  theory  and  the  second  (chronologically  first)  theory  of  Debye^®. 

The  £%>  -values  ariivod  at  by  means  of  the  liie-equatlon  (see  Section 
III)  are  considered  here  as  the  true  ex'  -values. 

^'^^Ths  percent  deviation  depends  on  the  scatteriixg  quantity  considered, 
to  a  slgpdLfic-'int  extant,  only  if  its  adtolssible  value  is  set,  at  least,  at 
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In  the  llayleigh-Qens  theory,  the  acattsring  fmctiono  arirLved  at  may  be  oonsidered 
as  the  resultant  of  the  contributions  of  dipolar,  quadrupolar,  ootopoHar  and 
hi^r  polar  partial  mutos,  both  electric  and  magnetic.  In  the  Daqye  theory 
(idiich  originated  with  the  scattering  of  X-rays),  the  oleaeatary  concept  of 
exclusive  dipolar  radiation  is  icalntsdjoed.  However,  a  pax^cle  la  now  replaced 
by  an  aiTaj'-  of  dipoles  wiiose  colicrent  radiation  is  no  longer  in  phase.  The 
intensity  of  the  radiation  scattered  in  a  given  direction  is  therefore,  in  a 
first  approximation,  by  the  collective  interference  of  the  wavelets  emanating 

from  the  individual  dipoles,  each  being  representative  of  a  volume  element  of 
the  particle  (or  molecule)  oaall  cosqjared  to  the  wave  length.  The  equations 
arrived  at  are  fiUly  equivalent  to  those  derived  from  the  Rcyloigh-Oans  equation. 
There  is,  however,  one  pl^yslcally  interesting  difference:  the  factor  P  (see  below) 
which  ia  rrrely  a  mbhematical  quantity  in  tise  Rayliegh'-Gans  equation,  assumes 
hero  tiio  sipiifj.csnco  of  m  ”interf  ireaoe  factor”  « 

A  suxMTey  of  the  performaticc  of  the  theories  just  outlined  is  given  in 
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Fig,  1,  erploying  the  px’inciple  of  "errat*  contour  charts”  ,  The  gr’aphical 
results  are  baaed  upon  a  coiqjarison  of  tl^6  (-^  Z'^/c  )  data  obtained  from  the  Mle- 
thoory  discussed  belox?  with  tliose  obtained  from  the  otlier  tliooides.  Within  each 
of  tbs  differently  sheded  areas  t!is  error  is  05  ,  on  using  the  respective  theory 


^Since  the  scattei-cd  wavelets  ere  all  In  phase  in  tho  direction  of  the 
priTjary  bepm,  P*=l  in  the  forward  direction.  Consequently  the  light  scattered 
in  tho  forward  dii’cction  is  equal  to  that  oalciHated  from  the  Rayleigh  theory 
fox'  smell  spherea-  provided,  of  course,  that  (m-l)-?»0o  This  forms  the  basis  foi* 
Zirsm's  eleirant  iEethi:d  of  detci’sniiiing  large  raol^vCLer  weights  by  extrapolation 
of  anfiular  soattoriiig  iatonsi-tics  to  tho  forward  directioTAl.  The  2ijm  method 
Mil3.,  of  ccurse,  bo  quantitatively  correct  only  as  long  as  a  second  type  of 
interference  effect,  t!iat  between  tho  scattered  and  primary  beam  in  the  forward 
direction,  can  be  neglected,  A.c,  as  lo'ug  as  (la-l)  is  vory  small  and,  in  addition, 
as  long  as  ct  is  not  very  lerg<A2, 
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iD  less  than  caitour  7Jlne  seporafcj.vig  sach  shaded  an’ea  froan  the  reat 

of  the  diagram  is  the  dexlaivioa  lincj  Iwyond  it  tho  deriation  is  >.  5%, 

(On,  coiv^idering  a  2%  <iafvia.tton  ss  tlio  poriisLaciblo  maaiscan,  each  of  the  aroac 
would  b©  distinctly  snasller. )  The  error  contouj?  charts  are,  obTicnsly,  Bomewhat 
different  cn  considorf^^,  ins-tand  of  (AtfA)f  angiilar  scattering  data,  but  the 
obaracteriatic  i'safcui'ea  of  the  contours  s.y:e  tlie  asjne''”**  The  following  hitherto 
luiknoMa  &r.d  rather  surprising  facte  oiaorge  frem  the  ctiwts:  1)  tba  range  of 
-Tslues  accannibln  by  means  of  the  K^lgigji  theory  incroaeea  significsr.tly 
wltii  K,  (Beyond  n  ■=  1.35’j  hcifover,  tiie  rerrerso  ti’end  irianj-fests  itself.  )j  2)  the 
IlE73.ia3h-Gs.na  ar.d  Debye  thsorioa  (to  be  rsferz-etl  to  as  R-Q-D  theory  on  account 
of  thoii’  ©quivalenc©)  .are,  ’.ditliin  e.  narrow  -rango  (froa  about  2,0  to  about 
5.0),  •«naiid  at  m-vnD.uss  in  csccss  of  1.10,  and  from  an  (Z>  of  about  0,8  up  to 
about  9.5  valid  at  a-vuluea  as  2.C5rg.a  as  1*05’.  This  defines,  in  practical  terms, 
tlr©  cenaaquenoe  o.f  the  theoretical  3-ii.prl-n.ti0n  that  (r.-l)  0^  3)  the  R«Q»D 

thocr;^  is  liai-bcd  to  crcteoracly  {sraall  (a~i)-V2D,uGa  at  vzry  los  -values  ^ch 
illnstrr.-tcs  -tho  ijrr^ve  rinbe  •ivi’.'e3,vvd  in  its  ap-olicatj.o'a  to  pciyi'.^r  solutions, 

?o;.'  all  Wiose  <7J.  -  ruid  u-vaiucs  \;si.c!i  are  act  cenverad  by  these  three 

♦ 

tteorioc,  CEO  h'-’.';  to  use  -ths  i;i©- theory’'  'jj  BtvictXy  accrai’ate  data  are  desired. 

The  orJ.y  e:%cept'.nir  arc  very  large  c'X' "Vnlyco  (3.cE.’gGr  th.an  shout  50)  where 
forjj'.o.l't'vtic  -tro-it  Kcots  based  upon  or  i-c'L;/.tcd  to  gacicietrical  optics  nsy  be  quant-* 
•it£:tivrj3.y  adeqrcto.  T'cc  Hie  thscry  tai;es  irqjlicifcly  full  acccmi'it  of  the  foUo^iiag 
co:r>llc5.bio-.i,3  sddeh  arioc  wiicri  neither  s^'9  0  i?.or  (:b-1)  -$»0:  1)  the  anplitude 
of  -fao  oficillati.ono  (the  electric  erd  r.sgnatio  field  sti*eu2tii3)  -vdtMn  the  spliere 
cliffera  fron  that  in  mi3d;’.'An  and  a  p’laac  shift  cocurs  at  the  boundary  between 
raediur.;  end  sphere 5  2)  tli©  -ar/D  J^ngth  Kt-tliin  -fcho  sphero  differs  from  that  in  the 
Kcuir’.a;  3}  ''V!C  pli-’isc  of  -the  oxciting  fie3.cl  ca-xd,  ccRii!equcnfc3,y  the  phase  of  the 
scattci'od  .■‘.‘iold,  ie,  at  any  incrtnnt,  cliff erant  in.  different  volwa©  elements  of  tlae 
splx,i-o,  mox’c  CO  t’i©  larger  the  sphero j  h)  foe  .scattered  field  affects  the  primary 


<• 

o 


Gleoti’osatignotic  fxsld.  The  reatrichiou  ianpoaccl  7.11  the  Rayleigh  tl’.eoiy  tliat 

oC~Po  allo'rfs  yne  to  <lltjregard  cotaplicc.hi.onn  (3)  find  CU)j  tlio  raetrictdon 

imposed  in  the  R-Jj-D  tbeoiy  that  (it-l)— >0  allo.js  ons;  to  disregard  complilcations 

(1)>  (^)>  and  (!i)»  Factor  (2)  and  tlie  raejJ.tiisg  inlioi.iogeneity  of  the  electric 

field  inside  the  particle*  load  dcnolai-iKstion,  avi  effect  which  therefor© 

ie  not  accounted  for  in  tiie  R-d-D  th-ecry  Factor  (3)  leede  to  eilipiicaily 

polarised  light  except  for  obcaryation  rt  90®  with  i-aspect  to  the  incident  beeJS; 

end  Rljao  e^KCtipt  for  (indirect)  observation  in  the  lorTYord  and  backvrard  direction 

if  the  electric  vecten-  of  tbs  .incident  bean  forniB  sn  angle  differing  from  both 

0*^  and  90®  with  tisa  plane  ci  ob£?erTatio.^^  Factor  (U)  is  responsible  for 

cocp.lj.cation':  in  the  detert'inatioa  a.i‘  tna  rBfrs.oti.ve  index  of  strongly  scattering 

l..'ia 

dissolved  or  dicccraed.  raritei’lel 

'The  ms.tVswr.'i-cticii.l  oir.-ressions  at  which  Hie  tnTives  ai‘e  unfortunately  very 
ccc»licc-.teds  ‘flierefo-re^  except  rcr  oo'.:-;  i-oasouabl;,^  systenuntic;,  exploratory 
cesaputatior  s  o.f  i'ight  scattering  .fui'.cticuu  by  relatively  little  ooni" 

putati'jna.1.  vcrl;  tras  ,}one  prior  tu  19a3.  lac  advent  of  el-cctrOTic  ccnaputera 
djCisi''ely  chatiged  thio  sitv^^tiou.  '.''he  .£■i.i^^t  .cystsaatic  electronic  computation^ 
still  of  r-clatively  raodest  scup.:-  by  ti&a  foliowad  by  the  first  large 


■’'the  jriay  wj.th  certaJ-n  .resor  tions 
scatteiers  imleso  100.  lostoad 

fivot  in  tie.  sca'.to.'ring  sphove.  '..-'ra  LvV.vit 
perpondlcul  ai’  to  th3  incident  ’.'at  is 


vij  account  of  the  smallness  of  the 
of  the  dit^bortion  of  the  wave  front 
.Is  no  longer  on  a  strai.ght  li,ne 
-••a-ved., 


‘’**Th:is  is  piobabiy  ti'iO  mos'i  f^er.lone  ahortccmi.g  of  tlie  R-G-D  theory. 

Sines  the  tlraory  has,  cn  tiia  ofner  hand,  the  [.reat  advsntage  of  not  being 

restricted  to  spliericai  particles  as  ti.-i  Mio  theoiy  is,  &tter.-?)to  have  been  nsade 
in  this  laboratory  tc  rtraove,  c.l  least  partially,  tlie  shortcoming  cited.  One 
of  two  attempts  aiii’.ad  in  tT:i&  diraction,  fiiat  by  '.f.  Uceda  is  described  elsewhere 
in  this  vo].’jmo,  Tho  other  by  A,  F.  ftteo'ent-on,  wiil.  be  described  in  due  time 
elseidiore. 
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scale  svaluatlon  i'or  in-Taluea  ^  3..33  ’  (ulxich  aro  of  interest  prdjnarily  for 

aerosols) ,  and  for  w.-valiaG  4: 1,^  (wM-oh  aro  primarily  of  jjiterost  for  liquid 

suopenaaoas  of  spheres)^®.  Sitico  intsi-polations  of  scattering  functions  aro 

rather  dlfficitlt  at  large  m-yalues  where  all  tho  functiona  oscillate  extensively 

19 

with  both  <?C  and  m,  additional  very  elaborate  coiaputationo  for  m-values  ^1.30 

reprOBSnt  a  icoat  iasportant  addition  to  tho  tabular  material  provided  by  Sliepoevich. 

20 

Taking  into  account  also  recent  tabxCLabions  for  special  CC  -  and  a-valucs  ^ 

one  can  say  tiiat  the  practical  use  of  the  Ilie  tlieory  3-e  now  assured  for  virtually 

any  Ctf  -  and  n-»vaj.ue  which  one  may  oitiinariiy  esqpect  to  encounter  for  dielectric 

spheres  on  using  light  wevea.  An  important  initial  step  in  eaaputing  Mio-functions 

21 

for  selectively  absorbing  spheres  tuia  :,lso  been  uiade  recently  .  Similarly^ 
aa  yob  unpublished  coaputatioaE  arc  bej.ng  carried  out  bjr  various  autiiors  in.  a 
large  acala  atteii^t  to  covei’  tlaoso  special  m^valwea  Hh3.ch  are  of  particular 
interest  in  microwave  scattering  said  in  spstce  physics  and  moterology®^  to  tho 
extent  tiiat  Pcrmdor.C’s  coo^iutatioas  do  not  cover  than  as  yet  as  fully  as  desirable* 
In  vt'.cu  of  the  extensive  tabulations  cl  scattering  functions  on  the  basis 
of  the  Itlc  theory,  a  series  of  approidjaating  theoretical  treatments,  intended  to 
be  parbJ-al  substitutes  for  the  Itie  factry,*  have  Icat  their  previous  interest  as 
far  as  the  ncattering  of  spheres  is  coaceracd,  Sesae  of  theta  retain,  however, 
considarabls  interest  on  account  of  thedo:  potenticl  or  actual  applicability  to  the 
scatt«r3.nc  by  noacpiisrioal  botiics" ,  ?.trt5.cularly  uotewox'thy  for  this  reason  are 
the  folloutlng  tiiooviesi  1)  a  tliGorj'-  by  Ilcrt  end  Montroll^^  which  is  cocqaarcble 
to  tho  R-G-D  tlieory  in  as  caich  as  tha  Hold  otrength  (cairalitudo)  in  the  particle 
and  raediutn  is  assumed  to  be  tlio  same,  tut  differs  from  it  by  assuming  that  the 

■^or  such  bodies,  the  dcvnlopmsnt  of  an  equivalent  to  the  Itie  theory, 
althouE^j  att3nii}t«d22a^  cgj,  Iwo’dly  be  hoped  for  in  view  of  the  quite  extra- 
ordiRiiy  rvi-Uiesei-bical  difficultioc  wliich  ca’e  encountered. 
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vavo  lengtli  in  the  particle  and  medium  differs.  An  error  contour  chart  would 

probably  show  a  slightly  better  performance  than  that  found  for  the  R-0*J)  theory; 

2)  a  theory  by  van  de  Ilulst^^  in  tddch  the  phase  shift  in  the  primary  electro^ 

magnetic  field  at  the  surface  of  the  acottorlng  particle  is  taken  into  account, 

vhlle,  on  the  other  hand,  both  field  strength  and  wave  length  are  assumed  to 

be  the  sane  in  particle  and  medium.  This  theory  also  is  apt  to  show  a  slightly 

better  performance  than  the  R»Q>S  tlieory. 

Two  other  types  of  approximating  treatments  specifically  ooncantrate  on 

sliig)lifylng  the  ULe^aqn'esslons.  One,  by  vsai  de  hulst^,  is  based  on  neglecting 

in  a  series  development  of  the  Mie  equations  those  terms  which  at  large  <Z>  -values 

contribute  relatively  littlo  so  that  ‘'Binoothed  out"  scattering  curves  are  obtained. 

This  approach  allows  one  to  define  in  good  8pproximati.oQ  the  ^  -  and  m-values 

at  which  maxima  and  minima  of  the  scattering  coefficient  and  of  the  angular 

scattering  occur  (see  Section  IV  for  a  dofinS.tion  of  these  toms).  Related  in 

purpose  is  a  second  slng>llfying  treatment  loif  Rart  and  Montrbll  pertinait  to 
23 

large  Ct/  -values  . 

The  sairxt  objeotlveo  aiziod  at  by  the  two  preceedlug  treatments  can  be 

achieved  by  substituting,  wlicnavor  possible,  for  the  Kic-fx»nctions  analytical 

expressiors  derived  from  dataactualJy  ccniputcd  from  the  Mie-theory.  They 

necessarily  neglect  the  snail  ’'wiggles"  in  the  Hie-ourves  but  obviously,  give 

accurate  rasul-ts  within  the  Ot  ^  and  ui-range  or  ranges  of  their  validity,  Thua, 

Fig.  1  shows  the  {X>  •'m-area  within  which  several  suitable  chosen  analytical 

expressions  duplicate  the  results  of  the  Hio-turbidity  data^^.  Similarly,  the 

variation  of  the  turbidity  maximum  (  or  of  the  prominent  first  maxijnua  in  the 

scattering  coefficient}  with  C?t>  and  m  can  easily  be  e:q>ressed  by  single 

26 

analytical  expressions  .  Lastly,  the  location  of  angular  maxima  and  ndnitaa 
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follow  relatiTely  3ijiQ>l8  analTbical  esqprassions' 
large. 


27,28 


ae  long  aa  m  is  not  too 


III  Formulation  of  the  PraotLoally  lagortaat  ExpreeaionB  with  BaDhaBls  on 
those  PorlTOd  from  the  Mle  theory 

Since  several  excellent  threatlses  describe  the  essentials  of  the 
nathanatlcal  treatment  by  Mle^^,  it  is  sufflcien't  here  to  develop  those  final 
equations  iddch  are  of  direct  eaqieriawntal  Interest.  For  the  sake  of  unlforoityy 
tbs  synholisn  introduced  by  Hie  wLU  bo  adhered  to  as  far  as  is  practical. 

The  basic  digiensionless  qxiantity  obtained  from  the  Hie  theory  is  i. 

It  is  a  function  of  ^  ^  m  and  and  its  calculation  involves  the  use  of 

Bessel  functions  and  Legendre  polynomials.  Depending  cu  whether  the  electric 
vector  of  the  incident  linearly  polaidaed  bean  vibrates  perpendicular  (i  jL  ) 
or  parallel  (i  )  relative  to  the  plane  of  observation,  the  Hie  theory 
yields  ^  .  ;a 

ft) 

''  J  (2) 

Here  ^  is  the  angle  of  observation  Klt}i  respect  to  the  reverse  direction 

of  the  prinazy  besm^.  Since  the  full  definition  of  the  quantities  and 

is  quite  space  consumlne,  the  reader  is  referred  to  one  of  the  repeated 
definitions  given  in  the  literature^^.  All  practlcalljr  important  equations 
are  directly  derivable  from  eqa.  (1)  and  (2).  Consldezlng ' first  the  radiant 
energy  scattered  a  single  sphere  in  the  direction  ^ ,  assuming  the  incident 

■*^t  is  more  ocBBion  at  present  to  use  instead  of  the  Kie>angle  JT  rather 
the  angle  between  the  direction  of  observation  and  the  direction  of  the  primary 
beonij  0  o  Obviously,  6>  -tt  . 
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bean  bo  ha\’o  unit  inbonsitsT,  one  haa  tlie  relatioris 

in  '-aM. 


Jjj')  - 

J„  (n)  = 


and 


A*" 

fi'). 


(3) 

(W 


- 'JQ)'  t« 

Here,  r  is  the  photoeidtrlo  dist-anco  oncl  the  aubscripb  u  identifies  an  uqpolar- 
l£od  incident  beam.  These  end  aH  followj.n5  equations  ere  valid  if  r  >>  Ao 
More  aonvenient  than  the  dimensiotiloss  qiiasitity  3  is  the  qr.antity 

J  Jr/)  cyri^  (6) 

>d;ich  represents  the  intensity  of  3j.ght  scattered  per  unit  solid  angle  and  per 
unit  intensity  of  the  incidesit  bc&m  in  the  direction  »  Equation  (6)  is  all 
that  is  raedod  if  the  sphere  is  large  enough  to  give  a  directly  measurable  J  . 
Only  one  instatico  is  thus  fau*  kriown  vAvore  ^Llght  scatuiring  roeasurements  on  a 
single  siicroscopic  sphero  wei'c  succsssful^®*  Generally,  only  tlie  effect  produced 
by  a  reasonably  lai'ge  nurabor  of  spheres  per  voIuoks  xorLt,  K.,  is  well  noasurable. 
Since 

.A  /  >  ^ 


/V=-  6rrya''A-'  14 


-3 


(7) 


wiaaro  V.j,  is  the  optical,iy  effective  (iri’adiated  and  ebsorved)  volume  of  the 
scattering  aye  tern,  it  folla-vw  that  tha  specific  inlveriaity  of  light  scattered^ 
per  urdt  solid  angle  and  uni.t  intensity  of  the  incidesvb  Ijq^uu,  by  1  cm^  of  the 
scat  ter  ing  eysteia  is 


-  3iQ\/£A  OC^  err- 

\^<xce  ^  is  1iie  vo].uiriO  fraction  of  tte  ophisras.  Sis^co 

,  D^^ij  /  '  <3  n  V  rr^  ‘  \ 

'  —  ^  \  ! 


a 


Ar.  ^ 


A 


/ 


(8) 


(9) 
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fctoero  .^0  in  tlie  vacuwa  mve  ;ierv0thj  and  is  -tho  rofractivis  indax  o*  the 
nediuBi  in  ^Mch  tha  apijeros  are  diaaolvsd,  dispertsed,  or  embedded,  ie  Avogadro'a 
nuniber,  luui  V  tirto  parti**!  specific  vcluiee  of  tlia  spheroo^.  Ctae  can  determine 
the  di£BBat(jr  of  n  epiiere,  D,  or  ite  '‘rao3,ecvilav  weight",  M,  by  inserting  in  eq, 

(8)  tiiQ  G3CTJori»»ntal  valwe  of  (lAj,  (  / )  extrapolated  to  aero  in  order  to 
eaojludo  interference  by  mltiple  ecattoring. 

On  integrating  the  i  jf  )  and  ^  )  values  over  the  surf  ace  of 

a  sphere  of  ixnit  radiua  and  on  taking  cno  ha3.f  of  the  sum;,  one  obtains  the  total 
scstt9:‘ing  cross  section,  E,  of  e  aplwro.  It  reay  be  calculated  more  simply 
from  the  relation 


R- 


A 


®r> 

2- 


I  cli^  )  ^  ^  I  I 

^TT  Tusj  ^"50/  -i-  2 


c  n? 


(ajD) 


which  a?i.^o  X'oHovs  directly  from  the  iHe  theory^  (Foj*  a  definition  of  the  symbols 
In  Eq.  (10';  see  Cog^  ref.  334 

'Bxls  scattering  cross  section  docs  not  coi'recpond  to  the  geometrical 
oToay  SGCtd.on,  Its  m).ue  r2?.ative  to  that  of  the  g.^omstrical  cross  eectian^ 

Tg'  7T;,  tlie  scattering  coefficient^ 


K  ^ 


(11) 


(Tdiere  -s  abbreviation  for  the  suimietion  in  sq»  (3.0))  oscil-lates  with 
docrfc?.ising  aopli^tude,  aa  cL  increases,  about  a  ii’^ean  value  of  2oO,  as  shown  in 
Fig,  ?.  for  m  ~  io20''., 

The  quanti-'y  ganoraa-ly  stossured  is  neit)ier  E  nor  K  but  the  relative  loss 
in  intonsity  of  tiio  j.ncideut  beam  on  oraversir).g  a  syataa  containing  K  spheres 


’“For  nontrauspr.rent;  i.e,  for  strongly  absorbing  acattorers,  the  value 
of  K  obvioTisly  should  fca  1„0  as  cZ  -~><&,  For  transparant  scatterers,  considered 
hero,  the  ;,nter.forence  between  prirasuy  ajicl  .ticattered  ware  iii  the  forvrard  direction 
results  In  a  dissipation  of  anergy  equal  to  twice  tliat  dissipated  by  scattering 
itseli'. 


per  caPe  Ilia  reaultsuii;  ooefficieut  of  ’’apparetit"  abfsorptdon,  generally  denoted 
as  -toiddi-ty 


(12) 


’dhere  Ic  the  iatensity  of  the  incident  bsfm,  I  toe  intensity  of  the  beam 
oracrgjjtig  from  toe  scattering  systeia,  end  x  in  the  path  length  of  the  scattering 
eoll«  Introducing  oq,  (7)^,  one  obtains  tho  d5.ciensionlesa  quantity 

Ar  3rr  r  _  3/r  ly 


7^ 

The  apecific  turbidity,  ,  therefore  grodually  decreases,  at  constant  wsee 

T  “ 

length,  to  zoro  fts  (!X.  incre^iecs,  after  bav3.ng traversed  one  single  proEiinent 


ioaxiaim. 

The  qvaiititiea  centeinee'  in  the  minsiatlon  ,  just  like  toose  conti*i- 
bo.tirig  to  i  (cqs<  (l)  -'aid  (2)).  dapena  in  a  very  ccE^licated  fashion  on  d!'  g  la. 
and  ,  ii.hsi*e  /d^  a  »  In  contrast  to  thrf  s,  the  cituatiun  is  rathor  simple 
on  using  toe  approxinuiti^ig  theories  considored  in  Fig.  1.  KsintaditLng  the  symbolinni 
used  for  bne  Ilie  -toeoi’i'',  one  readily  finds  that  in  the  cese  of  the  Rayieigh 
toeoiy 


^jL,  O) 

-  t,a^ 

(lii) 

-  t  //  d/J 

=  ^  a 

V 

(15) 

J,  iC  (j') 

-  c;-  ct 

? 

A' 

/  "f  CUrcu-'  ^  / 

(16) 

e  = 

t  -1 

(17) 

Tha  Raylei.gli-Gnne  theory  yieidij 


vriy*!*©  -tiio  "iniicx/orencs" 


*  ^ 

P(,f)  r..  (Sf(K) 


and 

sj-  -  cxi  C,r/z) 

•Since,  except  .Cor  ].:ltEitsd  Qt  Pi^igec  (see  Fit,o  a),,  (n-l)  mist  be  veiy  snval], 

1“  = 

1)^-0  ^  (20) 

.'io  t-hai-i  one  i-.iay  s.rite 


(19) 


ft* 


(lea) 


triiich  is  the  Tor!'  of  the  «q\t\tion  actual.)’/  ^iven  by  Rayloij’h^  Both  eqs.  (18) 
(Iba)  redilc■.^,  of  coirse,  to  t*>o  eir-iple  Itayleigb.  eqvu'*.tion.  (16)  i.t’  J'  ■■  l80° 
Kliere  P  •“■  1.0. 

Fbe  cia.ssica!  d-:';fiT5l1:b.on  cl  the  iritei’.fareaco  faC'bor  ;j.iven  in  eq  ,  (19) 

ifl  i'cxe.l,;.'  --'c.'i'i.’  at  p,;\-..aent  in  fa^*ci’  t..f  .slternate  aqisivalent  foi'Bm3..ations» 

it  shon'.d  alco  r.'i  notac  that  the  valjj-r:  •;  C  P  iias  been  evaluated  not  only  for 

3? 

sphos’c.s,  bvvt  also  f:ov  .rcci.3.  disks  ar.cl  r;s':do;.  coils  , 
iho  St«i7en.=?on  aquation,  fnuiilv 


'  i  S  /!  J 


.>  ^  ^  >  V  ,'r-r’-  I  /  i'.t  Zrrn  ^-^.3  '  J 

(21) 


J.'  '-■ 


‘\qaat:i.w!S  (21)..  (22)  {?.y-  "'-n'’ 

were  kindly  provided  lor  ■llh.i..s  oubl’criiGii 


'21'.)  ocb  devslcpnd  explicitly  in, 
bp-  .Prorcsfio?.’  A,  l'„  py'ievet'.son,- 


P.ef,  7 


vhioh  cdjtii5>llfles,  for  J'  *•  ?0°,  to 


'^JL 


fO 


err}  *  ^ 
mi*  +/?, 


(22) 


(23) 


'^*fe  -  <? 
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lY  Surrey  of  EtKoeriBgantal  Kethods 

The  x^urposo  af  scattering  measvrosento  on  systems  containing  spheres  of 
unifonsi  siso  is  gcriSraUy  the  doteyroinatlon  of  the  diameter,  D,  or  the  iwight, 

M,  of  a  sphere «  If  the  spheres  do  not  all  have  the  same  siac,  -bhen  evaluation 
of  the  size  distribution  is  an  additional  problem  idiich  one  may  wish  to  solve 
by  scattering  msanureiasnts ,  Tlie  priPiCipal  experimental  procedures  available 
for  a  determination  of  D  or  K  jire  ©numerated  in  Table  II,  Each  procedure  is 
evaluated  criticcOly  as  to  its  mer'its  and  sliortcoKings  to  tte  ooctend  sufficient 
infoKuation  is  available.  The  evaluations  given  tsre  based  predominately  on  the 
experience  gained  in  the  Hriter's  laboratory.  The  remainder  of  this  article  is 
concerned  primarily  vrLth  an  olaboratiax  of  tins  infonaation  given  in  Table  Uk 
In  view  of  the  large  amount  of  osperimenteO.  xrork  published  in  this  field  and 
the  resticted  sj,ze  of  this  essay,  referaace  can  be  laacie  only  to  a  limited  number 
of  the  nortljMhile  investigations  published  by  various  authors, 

;  I,  iUrbidity  Measureraontc 

•;  ?i.!rbid3,by  rueasurements  arc  very  attractive  because  the  technique  is 

i" 

t 

relatively  cixiple,  the  particle  sizes  derived  are  absolute  sizes,  and  precision 
and  acbi’raoy  can  be  scslsd  so  high  '*>hat  erroi's  in  particle  diameter 

need  not  exceed  As  seen  in  Sig.  3''-^’'^  ,  tee  results,  are  in  general. 
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bi~Talusd«  Maasurements  at  two  wave  lengths  allov  one,  however,  to  deojUle  very 
qulolcly  ae  to  vdietber  one  operates  on  the  ascending  or  descending  branch  of  the 
relatively  sitiple  ( ^  vs  -curve.  If  n  is  large  (>  1,25)  secondary  oacill- 

ations  introduce  problems  In  sin^^e  valuedness  at  (X  -values  >  10* ,  One  feature 
that  requires  ertrsmsly  careful  attention  is  the  iiqportanoe  of  the  solid  an£^  of 
the  incident  beam,  and  particularly,  of  the  scattered  beam.  Unless  it  is 
sufficiently  small,  the  results  obtained  may  be  quite  erroneous  Another 
disadvantage  is  that  a  precise  knowledge  of  the  concentration  of  the  aoatterlng 
material  is  mandatory  if  useful  results  are  to  be  obtained  in  monoehroaiatie 
li^t.  On  the  other  hand,  extr^lation  of  ( -^  )  or  (  )  to  aero  concen¬ 

tration  is  very  singile,  ainee  the  plot  of  such  data  against  e  or  ^  gives  at 
lowr  concentration  a  rigorously  straight  line  ,  iddch  has  aero  slope  if  the 
heat  of  di.sper8ion  or  of  solution  is  sero  •  As  regards  the  apeed  of  msasiire- 
nants,  turbidity  measurements  are  most  likely  the  fastest  possible  scattering 
measurements,  considering  the  time  elapsed  from  the  filling  of  the  scattering 
oeU  until  the  particle  alee  evaluated  from  turbidity  tables  *  Is  recorded. 

The  (X  -^range  accessible  to  turbidity  measurements  is  restricted  at  both  very  low 
and  verj'  hig^  (X  -values,  unless  in  both  instances  very  long  calls  are  eqployBd, 
Otherwise  the  precision  is  rattier  poor  if  ^  is  <  0,3  and  ^  50  since  tbs 

transmittaaqjr  is  then  far  too  high  at  the  mandatory  low  concentrations  . 


Xu  order  to  provide  a  sisple  corrtiation  between  ^  and  particle  diameter 
for  those  working  with  visible  light,  it  may  bo  stated  that  OCt  a  l,o  coeveapaoda 
to  a  particle  diameter  of  130,302  m^,  if  «  5W0.73  «  and  if  the  medium  Is 
water  at  25.000°C, 

^fha  quantity  o  represents  the  ooncentration  in  g/100g)» 

very  long  cells,  on  the  other  hand,  one  may  go  considerably  below 
this  limitAng  ^  -valtiB  88  documented  by  the  quite  satlsfacton  moleeiilar  weight 
determinatLon  of  egg  albwiii  from  the  turfaldi'ty’  in  18  cm  cells^  (H  *  Ii7,000  t 
1500  as  compared  to  ltU,000,  the  most  recent  literature  data  obtained  from 
sedimentation  and  diffusion). 
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For  farther  laforiDatlm  on  turbidi-t^  noaattrenieats  oee  sldo  references  37  end 
38, 

2,  Light  Scattering  at  ^  «  90^ 

Zif^t  soattezdAg  aeasureoeats  at  an  angle  of  90^  alth  respect  to  tite 

inoidsnt  bean  have  for  naay  years  been  the  favored  method  in  connection  mlth 

molecular  meight  determinations  in  macromolBcular  solutions.  In  contradietinotdLon 

to  turbidity  measurements,  there  exists  no  lover  limit  for  0^  •  Even  molecular 

weights  as  Im  as  a  fern  thousand  can>  in  principle,  be  determined  quite  aocureteGLy. 

As  ehovn  in  Fig.  !•;  ,  90  meaouroaents  have  the  disadvantage  in  that  the  results 

are  multivalued  uxxLose  the  agjproximatd  sise  range  involved  is  a  priori  knovn. 

As  long  as  one  is  certain  that  <%  <  3  results  are  merely  bivalued  so  that  msasuaro- 

mente  at  ‘bto  vavo  lengths  can  than  resolve  the  pz*oblaa.  ueing  visible  lic^t, 

this  corresoods  to  an  upper  value  for  the  particle  diameter  of  iqg>rosinately 

UOO  a ^*)  As  in  turbdjdi.ty  measurements,  the  results  in  order  to  be  reliable 

require  that  the  coucentration  be  knovn  aa  accurately  as  posslblo*  Furthermore, 

the  solid  cnglo  sbcn2l.d  be  as  small  as  is  coa^atible  vlth  the  requirenoat  of  a 

reasonably  large  rcspcaiae  of  the  i^totube.  It  should  preferaUy  not  exceed 
1  -I,  iiO 

4  X  10  •*  Qteradian  or  one  should  extrapolate  the  exporimBatal  data,  referred 
to  unit  solid  angle,  to  aero  solid  angle^.  One  major  disadvantage  conpared 
to  turbidity  moasuremento  is  the  fact  that  the  data  obtained  by  eoqperiaentatim 
have  to  be  multiplied  by  an  instrument  constant  before  th^  can  be  conpared  to 
theoretical  data.  If  the  instrument  is  very  veil  ooustmeted,  one  say  derive 
the  absf^te  value  of  the  instrunsnt  constant  iMch  olimlnates  the  enpLrical 
feature  involved  in  calibrations.  IlbKever,  the  best  12iat  one  could  eecoeipllsh 

^For  a  cosprebecsive  rarviev  of  the  problen  of  caHtxratifn  see  Bef ,  ltl« 
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in  tbla  direction  thus  far  Is  a  theoretical  constant  dlTfering  by  not  more  than 

l!?^  Aram  that  obtained  by  calibration^^*  (There  Is  no  doubt  that  this  uncertainty 

can  be  reduced  still  further*}  An  addj.ticinal  featuie  which  conplioates 

nsastuements  is  the  fact  that  for  certain  -values  extrapolation  of  lA  c 

0 

to  aero  concentration  Is  rather  difficult  on  account  of  pronounced  changes  In 

liO 

slope  at  even  very  low  o  *  These  changes  are  nore  pronounced  the  larger  the 
solid  angle  of  the  scattered  beam^  so  that  only  very  drastic  reduction  of  the 
solid  ar.^  can  resolve  this  problem*  Vihilo  It  therefore  appears  that  turbidity 
neasuretaants  deserve  preference  over  90^  measurements,  provided  that  OCt  -  and 
m-valuet  involved  allow  one  to  make  precise  tuxbldity  measurements,  it  is 
necessa]:^  to  make  one  In^rtant  re8ervs.tion:  the  rapid  ohatige  of  scattering 
with  0l>  ,  apparent  In  Fig*  U,  makes  90^*«ea8ureinent8  an  inoonparably  more  sensitive 
tod  for  detecting  relatively  small  changes  or  small  differences  in  sisSy  parti¬ 
cularly  in  those  ^  -ranges  near  the  turbidity  maximum,  where  the  turbidity 
changes  relatively  little  with  cX  *  It  also  has  bean  established  that  accuracy 
and  precision  of  measurements  conducted  properly  with  the  proper  kind  of  apparatus 
are  about  the  same  as  for  turbidity  measurements. 

3*  Scattering  Ratio.  Pdariaation  Ratio  and  Depdarlzstion 

Most  of  the  drawbacks  encountered  with  measurements  of  the  intensity  of 
light  scattered  from  an  unpolarlssed  (or  polarized)  beam  at  90^  with  respect  to 
the  Incident  beam,  can  be  eliminated  by  measuring  rattier  intensity  ratios* 

Thora  are  two  possibilities  at  constant  wave  lengtii*  The  first  one  consists 
of  making  two  oonseoutive  measoremKits  of  the  total  intensi^  of  light  scattered 
frost  a  linearly  polarized  incident  beam  whoae  dectric  vector  first  vibrates 

^Ite  considerably  loss  good  agreement  actually  reported  in  the  pub- 
lioation  referred  to  resdted  from  an  error  in  osloulatlon* 
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parallel  and  aubaequsntly  perpaodioular  to  the  plane  of  obeervationo  The  ratio 
of  the  tuo  quantities  ^  \i.^o  ^  cueceaeiOD,  i«e« 

Is  Ideatloal  vlth  1^,  /l  •  It  has  been  designated  as  "scattering  ratio"^e 
The  second  possibility  consists  of  using  an  unpolarlsed  incident  beam  and  of 
detensining  idth  the  aid  of  an  analysing  prism  interposed  between  scattering  cell 
and  obsorverji  first  the  Intensity  of  scattered  lli^t  vibrating  In  the  plane  of 
observation  aid,  subsequently,  of  that  vibrating  perpendicular  to  the  plane  of 
observation.  This  is  the  classical  procedure  in  depolariaation  measurements , 

It  has  been  tued  extensively  by  LaHer^'^  and  Kezicet^,  particularly  in  oocsiectlon 
with  Biae  detemlnailcna  in  aulfur  sols.  Since  these  authors  used  the  ratio 
(where  the  subacrlpte  have  now  a  different  meaning  iron  that  of  above) 
also  at  angLea  other  than  90^,  they  desig^ted  It  as  "polarization  ratio”.  In 
the  ease  of  spheres,  measurements  of  the  scattes^ng  ratio  and  of  the  polarlzatioa 
ratio  (de  polarization)  give  Identical  results.  Therefore,  the  results  of 
recent  systematic  theoretical^  and  eaqperlmental^^  ixnestigatiaDS  of  the  soattering 
ratio  eqpidy  also  to  the  alteroate  effect. 

One  of  the  most  obvious  advantages  of  the  ratio  X^^A^  compared  to 
1/1^  is  that  the  conoentration  does  not  directly  enter  in  the  innr?rloal  reeulte. 
Moreover,  on  extrapolating  this  ratio  to  zero  conoentration,  one  will  find  that, 

liS 

with  very  few  exeeptians,  its  slope  is  constant  in  the  range  of  low  ooncentration^. 
In  addition,  the  effect  of  the  solid  angle  is  drastically  reduced  since  it  af facta, 
in  a  first  approximation,  both  dencminator  and  numerator  similarly  unless  a 
aeattering  maximim  or  mialxBim  is  located  at  or  vezy  near  9Cr  ,  Finally,  the 
data  obtained  are  absolute  data  vMeh  do  not  require  xiae  of  an  instrument  constant 
unless  the  photosensitive  area  of  the  photocell  is  aniaotrqpio  or  unless  there 
are  some  more  obvious  shortccmdngB  In  the  optics  of  the  inatrument  used.  It  is 
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thsraifore  not  surprising  that  ^  particle  sise  detexnlnatiaDS  means  of  soatterlng 
ratio  (or  pdarlsatlon  ratio)  raeasuremsnts  are  both  hL^dy  praoise  and  accurate* 

Table  m  shoira  the  good  agreement  of  particle  diameters  determined  from  the 

h$ 

scattering  ratio  (D^)  and  by  Electron  microscopy  (0^)  raspeotiTBly  •  The 
only  tvo  limitations  to  the  use  of  the  scattering  ratio  ares  1)  as  in  the  pre¬ 
ceding  method  (2)  results  on  particle  sise  obtained  at  a  single  wve  length  are 
oultivaluedj  2)  in  contradistlnctioa  to  the  preceding  method,  there  is  a  Xower 
limit  for  Qi  below  Tdiich  the  scattering  ratio  cannot  be  used*  The  value  of 
i  //  is  sero  at  ^  -values  t^ian  those  given  in  Table  I  "nA  it  is  large 

enou^  to  allow  precise  data  of  /L^  only  if  ^  2*0*  The  most  advantagsons 

-ranges  for  the  s]gperlmeutal  use  of  the  scattering  ratio  and  their  dapendenoe 

liU 

on  m  follow  easily  from  available  detailed  grig>hB  and  tobies  • 


U*  Dissjmnetry 

Figure  $  shoHo  three  characteristic  phase  in  the  changes  occurring  im 
the  radiation  diagram  of  ^heres  as  Ot>  inoreases.  Diagram  A  is  representative 
Of  pure  dipolar  Rayleigh  scattering  characterised  by  perfect  symnetary  of  the 
radiatim  diagram.  Diagram  B  shows  how  the  radiation  diagram  becomes  dissya- 
metrical  once  the  dimensions  of  the  sphere  are  no  longer  coapared  to  the 

wave  length.  More  light  is  being  scattered  at  angles^  ^  90^  at  ^^90^ 
This  effect,  originally  callsd  Mie-effeot  because  it  was  discovered  both 
theoretically  and  experimentally  (th3roa^  experiments  by  Steubing)  by  Hie, 
is  nowadays  generally  referred  to  as  dissymmetry.  It  is  clear  from  B 

in  Fig.  $  that  the  ratio  of  the  intensity  of  li^t  soatbered  at  ^  to 
that  scattered  at  135®,  i.o*  should  i»>ovi^  a  lasefhl  method  for 

particle  size  detensinations.  Considering  a  median  is-value  of  1*20,  it  was 
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found  -that  thie  ratio  should  in  fact  he  particularly  useful  in  the  range  0,U 

lfera>  the  ratio  decreases  about  100  fold  oith  rising  OC,  i»e.  it 
is  here  eocbromely  ocnsitlue  to  ohangsc  in  particle  sise.  It  is  on  account  of 

hi(^hi  sensitivi-iy  to  perticlo  diaenaiono  (end  to  particlo  shape)  in  tlffl  loner 
CC  -range  isnoediately  following  the  Ba;yleie^  range  that  dlssynaatry  nsasurenents 
bSYB  assusied  an  outstanding  rcdie  in  dstexnination  of  molecular  nei^sts  and 
nolecular  shapes  in  toacromolecular  cheodstry  and  physics’^  •  Xbare,  one  rarely 
exceeds  an  ^ -value  of  0«U  -  0«6  and  therefore  is  virtually  free  froa  the  risk 
of  iBuIt1.va].uednoss  of  results*.  The  problem  of  nml'tivaluedness  is  here  the  same 
as  ulth  the  tiro  preceding  methods.  One  nlg^t  remove  it  by  using  as  an  additional 
argisaant  or/and  ^  -valaes 

^  2,  no  reason  can  be  seen  tdy  dicsyiaBoetiy  measuremsnia  should  be  perferrod  to 
those  of  the  scattering  ratio  (depolarisation)  at  90^>  or  at  other  angles,  or 
to  other  matiioda  to  foUov  b3l.ari7* 

i>«  Forward  end  Backward  Scattering 

Soattaring  in  the  forward  direction  (direction  of  the  primary  heam)  and 
backward  directloa  is  in  special  oases  of  zsajor  interest.  Ccoslderlng  first 
bach  scattering.  Fig.  Si  reproduced  from  a  recent  theoretical  atod^^,  ahoso 
that  ths  smxitca  and  mjniaa  of  1  follow  each  other  much  faster  with  increasing 
0^  than  at  90*^  (Fig.  1()  mid  tJut  the  first  loasijmaa  occurs  at  an  ^  -value  as  lav 
as  l,ii5  if  a  =  1.20,  There  is  certainliy  no  interest  in  detomdaing  particle 
sisfs  or  molecular  WDighto  by  oxurapolating  angular  data  to  =0®.  However, 
the  theoretical  data  avalliTfcio^®*^^  aro  of  mejor  interest  fo?.*  the  theoretical 
treatoent  of  such  problems  sa  vioibdlity  t^cui^  iUvainated  clouds  and  aaokes 
as  s.  funotlon  of  particle  siso^^.  In  addition,  on  taking  into  acoouni  onltiple 
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soAtterings  these  data  should  allow  ono  to  approach  tho  problea  of  (qpttmuB 
grain  aiae  in  paints  and  in  light  and  radar  relleoting  devices  in  a  naQ*«aplrloal« 
fundamental  mgr, 

Fonrard  scattering,  In  considerable  contrast  to  baclc  scattering,  exhibits 
no  nBUdnsm  or  odnianiBi  at  Ct  *^81063  ^  1$  as  long  as  Ibis,  again, 

It 

appUea  to  i  •  BartLcle  sizes  dbtainod  £ram  fomard  scattering,  by  means  of 

Zioft  plots^,  are  -i^xerofore  sin^  valued  uLthin  relativelgr  large  ranges  of  vAues 

of  the  variables  Oi  and  a.  An  additional  attractive  feature  is  that  c«e  nagr  at 

suffloimtlgr  small  m-values  luse  the  eimple  Rayleigh  equation  (see  eq.  (16)) 

ultboat  making  a  major  error  in  partide  diameter  even  at  -values  >  10  « 

liS 

F^cm  detailed  data  given  elsewhere  ,  one  arrives  at  the  foUoulng  cppraxJmate 
Qi  -values  leading  to  an  error  in  particle  diameter  in  ccxcess  of  ^  (in  bradcats: 
in  excess  of22^)  m  using  eq.  (16)  in  connecting  with  fomard  soatteringo 


m 

CC 

1.0$ 

>1$  (>2) 

IclO 

12  «1) 

1.15 

<  2  «1) 

fixeept  for  these  two  advantages,  there  is  no  incentive  to  use  forward  scattering 
in  preference  to  the  experimentally  simpler  scattering  ratio  or  turbidity 
moasureixinvSa 


6,  Angular  Scanning 

As  soon  as  Qi  is  large  enougii  so  that  the  first  scattering  is 

generated  at  ^  ^  0°  6),  an  intriguing  method  of  particle  aiae  deter- 


nay  be  recalled  that  the  icaadina  for  (X/l  c)  occur,  of  course,  at 
OC  -values  approolabOLy  smaller  than  those  of  1,  Those  of  occur  «b  the 
same  Ct  as  tliose  of  1  if  /\  is  kept  constant. 

''^Ihe  equation  actually  involved  is  the  R-Q-D-  equation  (18),  Since  P  1, 
if  y**  IdO^,  it  reduces  for  this  an^e  to  eq.  (16). 
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1)68108  to  become  poealble.  With  a  further  increase  in  ^  ,  tha  first 
wairtiimnB  tBOvse  foTuard  and  a  aeoond  Tnnari,Tinm  is  beinc  generated  at  ^ 

ThuSf  tlm  radiation  diagram  soon  begins  to  exhibit  a  series  of  wexima  and  siTrlaa 
as  shovn  for  a  linited  number  of  small  J'  -values  in  diagram  C  of  Fig*  5*  It 
ie  therefore  possible  to  determine  partiole  sizes  simply  by  scanning^  l»e*  by 
determining  the  angular  location  of  a  maximum  or  minlwom  or  of  waxluia  aaA/oe 
ttlalinB.  uaa  the  first  to  give  more  than  cursory  attention  to  this 

poeeibiUty^.  A  detailed  examination  of  the  theoretical  a^eots  and  potential¬ 
ities  of  method^®  shows  that  an  unequivocally  eln^e-valuad  answer  on  partible 
eirfi  can  be  obtained  on  detemdnlng  both  the  angular  locatdoa  and  angular  a^p- 

aration  of  an  Intensity  oaximun  and  of  an  adjacent  intensity  minimum*  Outstanding 

\ 

s 

other  advantages  of  the  method  are:  a)  the  concentration  has  a  relatively  small 

50  51 

effect  )q>oa  the  angular  locatloa  of  maJdmB  and  minima  *  j  b)  the  accuracy 
in  the  particle  diameters  obtolued  is'  *rcry  high  if  a  sufUolently  small  solid 
arygift  is  used^j  c)  there  is  no  need  for  an  instrument  constant;  d)  the 
sonsitivity  of  the  angular  location  of  maxiaa  and  minima  to  changes  in  partiole 
sizes  is  vary  high  at  angles  <,  90®,- more  so  the  closer  one  approaches  to  ^  ■  0  • 
There  is  therefore  an  advantage  in  working  at  small  ^  wyalnea^®*  (Saverbi 
authors  have  used  advocate  the  use  of  Toaxima  or  minima  close  to  the  forward 
direction*  doing  thiSj  one  loses  the  two  outetandlng  advantages  of  tbs 
scanning  method  -  high  eeneitivi'iy  to  changes  in  and  accura^  of  the  CC>  -valnee 
derived*);  o)  interpolation  of  ^  -values  from  theoretical  data  (e^g*  ref  18}  is 
rolatlvoly  seem'e^  with  the  escception  of  high  oxders  of  maxlna  and  minima,  the 
0^  wvalnes  associated  with  an  intensity  waxlmnva  or  mLninom  vary  ad>afve  ^  «  U5° 
linearly  with  {]2  cos  (  ^  f2)J  and  nearly  linearly  with  it  if  ^  <  li5®  f oa? 
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higher  order  inaxi.ua  and  ndjolma  »  DisadTantagsa  of  the  ecaanlng  nsthod  are: 

1)  The  reevlte  depend  very  strongly  on  solid  angle,  aore  to  the  more  numerous 
the  and  adLniiDe  are^f  2}  The  detomdnatdoti  of  a  scan  requlree  far  more 

tine  than  most  of  the  other  procaduree,  unless  tte  need  for  nanoal  operation  is 
eilainatsd  by  automatioa* 

7»  Spectre 

Spectra  of  the  light  scattering  quantities  are  of  interest  for  several 
reasons.  First  of  all,  they  allov  one  by  aoxmaliaation  to  elisdnate  the  direct 
contribution  of  erroi's  in  concoitratlon  detemiDatloos  to  the  aooursoy  of  particle 

Z 

sizes  to  be  .  erlved  from  (  -^  )  or  (I/Igc) ^  «  For  this  purpose,  one  simply  uses 

as  a  oriterion  of  particle  8i.ze  ooiiurLdenee  of  a  noraallzed  section  of  the  coperi- 

nental  turbidity  spectrum  or  of  the  scattering  spectrum  at  a  given  angle  of  ^ 
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vith  a  normalized  section  of  tb.e  corresponding  theoretloal  spectrum  »  Ihe 
same  purpose  Is  served  b^*-  ootisidering  instead  of  a  spectrum  of  finite  width 
rether  a  differential  speotrum.  This  is  done  in  particle  size  deteratnations 
by  nearis  of  the  "wave  length  The  latter  is  of  particular 

Interest  If  the  objective  of  the  measurement  is  speed  withoat  need  of  hig^ 
accuracy,  the  former  is  indicated  if  high  accuracy  is  the  prime  objeotlTe  and 
tlms  requirement  Is  of  seooodary  consideration. 

The  second  possible  aotivutloa  for  the  stud;)’^  of  spectra  is  eUmtnation  of 
multivalued  answers  on  particle  size,  which  arise  on  using  several  of  the 
methods  discussed  above  (2,  3,  and  U).  There  is  no  Instance  idmre  use  of  ^etrs 
(if  nseessary  of  two  quantities)  cannot  xesolve  the  problmz  of  miltlvaluedness. 
Thirdly,  spectra  observed  with  incident  polychrumatle  (e.g.  white} 

n  >  1.20,  these  sliqae  relationships  gradually  becoM  invalid  md 
tbs  movement  of  the  maartma  sad  winiias  with  Increase  in  CC  may  become  quite 
eoaplloated. 
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light  rather  than  those  obtained  by  ByntORatlo  variation  of  amva  length  in 
scattering  eaqperimeate  may  provide  an  extremely  oonvenienty  although  not  hig^ily 
accurate^  method  of  rapid  partlole  alea  dsterminatiana«  Thoa,  the  turbidity 
speotrum  exhibited  fay  the  setting  sun  could,  depending  on  the  partioolar  has 
sithin  the  Unite  of  Ught  orange  and  deep  red,  give  Infoxnation  on  the  anonat 
and/or  ^qpproxinate  else  of  dust  in  the  atnosfdiere.  Of  partioular  Intereat, 
hossver,  are  the  oolore  tdiich  one  can  olMorve  in  the  light  scattered  laterally 
by  Bystons  which  contain  partloles  of  nearly  uniform  slss.  These  odore  vihieh 
vary  on  varying  the  an^^e  of  observation  ^teaatically  between  0^  and  iBO^  ware 
dlscoversd  by  Hay^,  but  they  wMre  eyotenatioally  studied  first  and  foraaoet 
by  Laher^7»^  eho  dsaignated  the  m  as  ’‘Highatr  Order  Tyndall  Speotra"  (HOIS), 

..thod.  «»  d.l«rBln«  ^  rt  .Mch  a  ch.r«rt»rl«lx,  odl. 

band  (a  "red  bend**  is  prsferred)  ie  observada  ^y  ealibration  or  by  using  ooq>o8tbs 
ang<rtftr  Mie  data,  particle  sizes  follow  liaaediatslyv  These  colors  are,  of  course, 
a  oonsequenee  of  the  fact  that  the  lateral  scattering  ioaxLni&  and  ainins  (see 
Tig.  5  c)  move,  at  constant  partiole  else,  towards  the  forward  direction  as  tbe 
wavelength  deozeaseso  Tbia  is  ahown  on  one  exaopls^  in  Fig.  CoosequenUy, 
a  distinct  color  will  be  observed  at  that  an^e  ^  at  which  scattering  reaches 
either  a  waxlmal  or  mlninial  value  at  a  wave  length  contained  within  the  visible 
speotrua.  This  also  is  shown  in  Fig.  7  (dasbed  curve) .  While  particle  slioe 
determined  by  Deans  of  HOTS  can,  of  course,  not  possibly  oonpete  In  aocnra(7 
with  those  obtained  in  nonocbroDatic  light  from  tt»  location  af  angular  maxima 
and  Bdniaa,  the  method  is  very  elegant  ind  very  sli^ils  and,  therefore,  has  distinct 
advantages  vdienever  speed  In  the  datermlaatlon  of  appraadmate  particle  sisss  is 
essential,  end  whenever  the  ^ten  is  sufficiently  aonodisperse  to  mate  the 
method  .applicable. 
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The  fourth  and  last  xaaaoa  ufaLeh  makas  the  etu^jr  of  light  eoatterlng 
spectre  attraotlee  is  their  paraeomt  iaportance  in  determining  aiae  distri¬ 
bution  onrves.  kxtenslTe  scrutiny  of  the  aoattering  effects  most  suited  for  a 
detendnatlon  of  sise  dlatrlbution  eurres  led  to  the  selection  of  the  spectra  of 

the  eoatterlng  ratio  at  ^  »  90^  as  the  priaiary  oriterlon^  and  of  the  tmbldlty 

58  * 

gpeatn.  as  an  auxiliary  ctiterlon;  *  »  Figure  8  shows  the  theoretical  effect 
of  increasing  heterodLspersini  upon  the  amplitude  in  the  oscillation  of  the 
scattering  ratio  using  a  particular  type  of  distribution  ciurve  picked  for  the 
study  of  enulslcns  •  (The  Basic  effect  of  heterodispersioa.  Illustrated  in 
Fig.  8,  is,  of  course.  Independent  of  the  type  of  distribution  assumed.)  Figure 
9,  finally  shows  the  reauurkably  hi^  resolving  power  of  soattering  spectra  in 
detetiBining  sise  distribution  curves.  This  figure^  gives  the  else  distribution 
ourve  of  a  latex  generally  referred  to  as  "nonodlsperse'*. 

While  the  study  of  turbidity  and  scattering  speotra  possesses,  therefore, 
many  advantages  over  the  study  of  theee  phenomena  in  monochromatic  light,  there 
ajre,  of  course,  several  dleadvantagee.  One  is  the  faot  that  the  eaqperimental 
setiQi  is  more  compUoated  except  for  tiie  very  simple  method  of  HOIS  obeervation. 
Another,  far  more  serious  disadvantage,  is  the  importance  of  dispersion  oorreotions 
which  have  been  neglected  by  various  authors  but  can  ba  neglected  only  if  (a) 
rigorously  aoourato  aisss  or  sloe  distrlbations  ara  not  aimed  at  or  if  (b)  the 
dispersion  of  the  soattering  material  and  of  the  dispersing  asdlnm  or  solvent 
are  nesrly  the  ssms. 


*Undoubtedly  the  «»gti7ar  variation  of  eoatterixig  also  can  provide  a 
powerful  tool.  In  order  to  make  if  applicable,  angular  soattering  functions 
ere  now  being  extended  to  Of  -values  >  7.0  (see  ref.  18). 


TABLE  I 


LIMIT  OF  VAUDITI  OF  THB  R&ZIJSIQK  EQUATICN 


Tim  Oe  wvuloes  gLwi  are  the  uppei:*  at  the  respeetiin) 

beiyoDd  vhioh  the  qpeciflc  turhl^tF  (13) 

^'veo  c^-valxMW  in  error  ^  nave  than  2%*» 


n 

a 

l«o5 

0„23 

1.10 

0.25 

1.15 

0.28 

1.20 

0.31 

1.25 

0.35 

1.30 

0.1i2 

This  Table  Is  r^rodueed  from  the  table  glron  in  Befe  6» 
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1ABI2  n 


lo 

2. 

3. 

U« 

5. 

6, 

7. 


mmUOES  (*)  AND  DXS&DVANTAOES  (~)  OF  VARIOUS 
UXtHT  SGATTEBIHO  MSTHODS 


1 

2 

3 

k 

$ 

6 

'* 

8 

Zorfaldlty 

♦ 

- 

«w 

♦ 

4 

4 

>  0.3 
<  50 

Scattering  at  ^  »  90° 

- 

«e 

•m 

♦ 

tm 

4 

4 

NR 

State  of  Polarisation  at  90° 

* 

*• 

+ 

+ 

+ 

4 

4 

>  2.0 

Dlssyunetty 

<im 

4- 

4 

4 

>  0.U 

Forward  Scattering  (  ^  «>180°) 

- 

4* 

X 

4 

as 

ee 

HR 

Angular  Seatoalng 

*■ 

♦ 

- 

+ 

•f 

- 

4 

>  1.5 

Spectra  of  1,  2,  3,  6 

♦ 

jt 

+ 

m 

+ 

•> 

aw 

mm 

4 

Code 


Is  Particle  sisse  iierivei  Is  absolute  (•*•);  roquiros  use  of  instrunsnt 
cooBtant  (••)« 

2  s  Particle  size  dari'rcd  is  single  valued  (+);  multivalued  (-)» 

3t  Solid  angle  of  soattered  beam  affects  result  very  little  (■•')|  vary 
much  (-)« 

Us  Ebcact  knowledge  of  o<miceatratioa  is  not  iagsortant  vary  important  (■•)o 

5:  Extrapolation  of  effect  to  asero  concentration  is  easy  (strai^t 
limiting  slops)  (+)}  difficrult  (curves)  (~). 

6t  Execution  of  eo^serljacnt  requires  little  time  i*);  mush  tims  (»)• 

7:  Predslon  of  data  high  (♦)!  low  (-)»  ^ 

6:  CXj  .Range  accessible  for  quantitative  work  if  a  »  Ie20  (both  loner 
and  and  upper  limits  decrsass  with  Inoreasing  n)o 

NRt  No  Rsstrictisxi 

Depends  on  CC  -veluBS  wbetber  or 
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ZABUS  TTT 


CGKPARISCN  OF  PARnCLS  OIAMEXEBS  VSGM 
SGATIEaiNQ  HATIO  AND  BlfCTRGN  fflGRUSCOPZ 

(PoljrTlayltolnsn*)  (a  ■  1.186) 


D 

0 

5 

No. 

m 

an 

OevlAtioD 

la 

0  dU 

163 

163 

23 

0.17 

307 

315 

“2.5 

2013 

381 

— 

ll3B 

0.37 

107 

1*21* 

-1.0 

lt3B 

0«21 

Ul 

ljli5 

-3.1 

iM 

0.092 

507 

U92 

3.0 

li3C 

0.10 

SUi 

528* 

-2.7 

U3C 

0.21 

$$h 

558 

-0.7 

ICQ 

0.U3 

66$ 

699* 

-2.0 

I4UB 

0.26  -  0.30 

562  -  569 

587 

-3.1  -  li.3 

liltB 

—•* 

- 

620 

— 

llUC 

0.18 

772 

780* 

-1.0 

0.29 

812 

82U 

-1.5 

«liozaallaMd  Part&clB  HdLaaetMts 
**BietniKilAtion  to  <7^^  xmaafi 
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LBBEMDS  TO  FIOURES 


Error  Contour  caiart 

Contour  lines  Inlleate  yft  deviation  of  (^iC/c)  -values 
relative  to  value  derived  from  Mle-theoxy. 

Scattering  Coefficient  for  n  «  1.20 

Variation  of'lt/o  of  Stoheres  with  a 

Vacuum  vave  length  ^60.73  A;  medium:  voter  at 

2$.000°Cj  coneentxatlon  c  in  g/lOO  g. 

Variation  of  Specific  90°  Scattering  of  Spheres  with  a  and  m 

Xotal  scattering  from  aa  unpolarlzed  incident  beamj  x)  ■ 
5460.73  A;  medium:  vater  at  25.000®C.  ® 

Scattering  in  the  Backward  Dlreetion  dT  »  0^) 

lateral  Maxima  and  Minima  at  Various  Wave  Lengths  and  Ratio  of 
Blue/Yellov  Ihtensities 

Nuaibers  on  fUUy  dravn  curves  Indicate  factor  t;/  vhich  scattered 
intensities  relative  to  intensity  of  incident  were  xailtiplled  in 
order  to  obtain  normalised  Intensity  (l.O)  at  minimum.  IJashed 
Curve:  Htue/Yellov  Intensity  ratio  (right  ordinate). 

Figure  7  gaeoretical  Vartotion  of  Maxima  and  Minima  of  Scattering  Ratio 
(Depolarisation)  with  Sicreaae  in  Width  of  the  Sise  Plstrihution 
Curve  as  Depressed  by  i&icreaslng  qs  '  Values 


^crease  in  ^  means  an  increase  in  the  width  of  the  distribution 
curve.  (Ibr  further  e:Q)iAnationS;  see  Stevenson,  Heller  and  Wallach 
(Bef.  57) 

figure  8  Siso  Dlatribution  of  a  Monodlsperse  Jfblyvinyltolueae  latex  as 
Determined  by  Light  Scattering  and  by  Electromaicroscopy 

Ibe  quantity  C  is  proportional  to  the  number  of  particles  of  a 
given  radius  r. 


Figure  1 

Figure  2 
Figure  3 

Figure  4 


Figure  5 
Figure  6 
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